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Large-scale applications require energy storage systems to be economical, fast in 
response time and have a long cycle life. Redox flow battery satisfies most of these 
requirements, besides having the advantages of being modular in design and tolerant to 
over-charge and over-discharge.  Therefore, redox flow battery is a promising energy 
storage device for large-scale applications such as “green grid” and load balancing. Another 
emerging market for electric vehicles, however, demands high energy density from the 
energy storage device. Redox flow battery is notorious for its low energy density because 
all the energy materials are stored in liquid phase. Otherwise, it would be the ideal 
candidate for energy storage in electrical vehicles. Various attempts to increase the energy 
density of redox flow battery in recent years show some limited success. The contribution 
of this work is the demonstration of two novel approaches that tackle this problem.  
One of the approaches is to increase the energy density of redox flow battery by 
removing the solvents from the electrolytes. The remaining redox species with lithium salts 
are supposed to be more concentrated, and therefore, have a higher energy density. A 
proof-of-concept solvent-free half-cell was demonstrated in this work. Even though the 
coulombic and energy efficiency was unsatisfactory, the potential of this approach was 
explored.  
The other approach is the integration of high energy density solid active materials 
into redox flow battery system. Highly insulating active materials was successfully charged 
viii 
 
and discharged in the proof-of-concept redox flow lithium-ion battery half-cell. And it was 
shown that this flexible platform works with different combinations of redox molecules and 
active materials. The redox flow lithium-ion battery proves to be a versatile system and it 
can achieve 10 times higher energy density than conventional redox flow battery. 
Besides high energy density, the rate capability is another important criterion for 
commercially viable energy storage devices. The rate of chemical lithiation and delithiation 
in the redox flow lithium-ion battery was found to be relatively fast and, therefore, unlikely 
to be the rate limiting step of cycling. A protocol was established at the same time, 
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Chapter 1. Introduction 
1.1 Background 
 “Energy capture” is one of the key indicators of human progress in the long 
history of civilization.[1] In the 21st century, depletion of fossil fuel and long-term 
environmental impact of greenhouse gas emissions forces many countries to shift 
from hydrocarbon fuels to renewable and environmentally sustainable sources. 
Among the available renewable sources, solar and wind are currently the most 
abundant and readily accessible ones.[3] However, without proper energy storage 
systems, integration of more than 20% intermittent renewable sources would 
destabilize the grid.[4] Moreover, there is usually a mismatch between renewable 
power generation and grid consumption. Therefore, energy storage devices are 
essential for the integration of renewable energy sources into utility grids.  
In grid applications, energy storage in the form of electrochemical energy have 
advantages over other forms, such as kinetic energy (flywheels) and potential energy 
(pumped hydro and compressed air), because of its modular design, fast response, 
high efficiency and minimal geographical restrictions. Among existing 
electrochemical energy storage devices, such as lead-acid, lithium-ion, sodium based 
batteries and redox flow battery (RFB), redox flow battery is particularly suitable for 
large-scale energy storage applications. Long cycle life, fast response time, modular 
design, low environmental footprints are the attractive features of RFB.[5] 
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RFB is a secondary battery system. In a typical RFB (Figure 1), the energy 
storage units are two electrolyte tanks. The cell unit with flow through electrodes is 
the site where chemical energy is converted to electrical energy and vice versa. The 
electrolytes are circulated between the cell unit and the electrolyte tanks. To meet the 
requirement of high currents and voltages in practical applications, unit cells can be 
stacked in parallel and in series to provide power output of various magnitudes. The 
power output and capacity of the RFB can be controlled independently due to 
separation of energy storage and conversion sites. In RFB, the electrodes undergo 
minimal physical or chemical changes during charging and discharging, one of the 
reasons of long cycle life of RFB. Modular design allows RFB to be deployed in 
various sizes, from kilowatt-hours (kWh) residential power backup to multi-
megawatt-hours (MWh) grid storage. Heat management is also easier compared to 




 However, the major issue of current RFB is the low energy density of the 
system. The gravimetric energy density (u) of flow battery can be expressed as shown 
in Equation 1-1: 
 𝑢 = ∫ 𝑉(𝑞)𝑑𝑞
𝑤𝑡
     [𝑊ℎ 𝑘𝑔−1]𝐶
0
     (1 - 1) 
where C/wt is the specific capacity, V is the cell voltage, and q is the charge. The 
specific capacity C/wt is determined by the concentration of charge storing redox 
species in the energy tank. The cell voltage V depends on the equilibrium potential (E) 
difference of redox species in the cathodic and anodic compartments, as given by 
Nernst equation (Equation 1-2): 
 







 𝐸 = 𝐸° −  𝑅𝑇
𝑛𝐹
ln𝑄                [𝑉]    (1 - 2) 
where E° is the standard potential, R is the universal gas constant, T is the absolute 
temperature, n is the number of electrons transferred in the cell reaction, F is the 
Faraday constant and Q is the reaction quotient, which is a function of the activities of 
the chemical species involved.  
Accordingly, there are two approaches available to increase the energy density 
of RFB: (1) Increase cell voltage V by using redox species with bigger equilibrium 
potential difference. As such, electrolyte with wider electrochemical window than 
water is generally required; or (2) Increase specific capacity by using media 
containing denser redox species. A summary of important progresses made in 
improving the energy density of RFBs is given in the following sections. 
1.2 Aqueous Redox Flow Batteries 
1.2.1 Iron-chromium flow battery 
Lawrence Thaller at NASA introduced the iron-chromium RFB, one of the 
earliest aqueous RFB systems, in the 1970s.[6-7] Cr3+/2+ and Fe3+/2+ were chosen as the 
redox species in acidic electrolytes. Cross-contamination of the redox species and 
poor electrochemical reversibility of chromium were the major problems encountered 
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at that time.[8] Depending on the state of charge, the system has open-circuit voltage 
varying from 0.90 V to 1.20 V. [9] The reported specific energy of the system was 
merely 15 Wh kg-1.[5] Enervault has been promoting the system in recent years. A 1 
MWh/ 250 kW system has been built in California.[10-11] 
1.2.2 Bromine-polysulphide flow battery 
Bromine-polysulphide flow battery was first patented in 1983 by Remick and 
Ang[12] and later commercialized by Regenesys Ltd.[13] Aqueous NaBr and Na2S4 
electrolytes are used in the cathodic and anodic half-cell respectively, separated by 
Na+ conducting membrane. High solubility of electrolyte components and low cost 
are the advantages of the bromine-polysulphide system. The open-circuit voltage of 
bromine-polysulphide system is around 1.50 V[14] and energy density is around 20-30 
Wh l-1.[8] The reported power density is 56 mW cm−2 at a current density of 40 mA 
cm−2.[14] Cross-contamination and precipitation of sulphur species are the major 
causes of loss of capacity during cycling. The release of toxic gases such as Br2 and 
H2S imposes safety issues that still remain unsolved. 
1.2.3 All-vanadium redox flow battery 
All-vanadium RFB was developed by Skyllas-Kazacos et al. in the late 
1980s.[15-17] It is currently the most commercially successful RFB system. Multi-
MW/MWh vanadium RFB systems have been deployed worldwide. The same 
element, V2+/3+ and V4+/5+ couples, is used in both half-cells to avoid the problem of 
cross-contamination. Open-circuit voltage of 1.35 V at 50% state of charge and 1.60 
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V in a fully charged state has been reported. Skyllas-Kazacos et al. reported over 90% 
energy efficiency in 1991 with a 1 kW stack.[18] All-vanadium RFB  has  power 
density around 0.13 W cm−2 at a current density of 90 mA cm−2.[19] In one recent 
report, the maximum power density exceeds 0.55 W cm−2 at a current density of 700 
mA cm−2.[20] Overcharge and deep discharge will not permanently damage the cell or 
electrolytes. The cost of the system is relatively low because the electrolytes are 
reusable. However, in practical application, electrolyte balancing needs to be 
performed on a regular basis due to crossover of vanadium ions. The interruption of 
service would incur extra costs.[21-22] Another problem with all-vanadium RFB is the 
narrow range of operating temperature in which the redox species can achieve 
maximal solubility. Even in the optimal temperature range, the solubility is still rather 
limited, and so is the specific energy of the system (25-30 Wh kg-1). At the higher 
end, 2.0 M VO2+ solution shows an accelerated rate of thermal precipitation at 40 ◦C; 
at the lower end, vanadyl sulfate precipitates at less than 2.0 M in 3.0 M H2SO4 at 10 
◦C.[23] All-vanadium RFBs have a narrow temperature range of operation. Therefore, 
proper thermal management is necessary for their outdoor deployment. Increasing the 
concentration of SO42- to 7.0 M[23] or using 10.0 M HCl as supporting electrolyte will 
help to maintain a V5+ concentration at 5.4 M (energy density >36 Wh l-1).[24] The 
high concentration of acid used in all-vanadium RFB is a potential safety hazard. 
Other variations of vanadium based RFB are covered in past reviews. [5, 13] 
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1.2.4 Quinone-bromine flow battery 
Quinone-bromine flow battery introduced by Huskinson et al. [25] is a recent 
development of the aqueous flow battery (Equation 1-3 and 1-4: AQDS= 9,10-
anthraquinone-2,7-disulphonic acid, AQDSH2 refers to the reduced form of AQDS). 
The open-circuit voltage of the system is 0.92 V at 90% state of charge and the peak 
power density is 0.6 W cm-2 at 1.3 A cm-2. Coulombic efficiency is larger than 99% 
on average for the first 10 cycles. No long term stability data has been published yet. 
Compared to all-vanadium RFB, quinone-bromine flow battery has higher energy 
density (50 Wh l−1). Low cost of the redox species and electrode materials is the 
selling point of this system. Quinone/hydroquinone and Br2/Br− couples are 
sufficiently abundant to be procured at low price; the kinetics of the redox couples on 
carbon electrodes are fast enough so there is no need to use precious-metal catalysts. 
Similar to bromine-polysulphide flow battery, quinone-bromine flow battery may 
generate toxic bromine gas, which is a safety concern. 
Positive electrode reaction: AQDSH2  ↔  AQDS−  + 2H+ + 2e−    (1 - 3) 
Negative electrode reaction: Br2 + 2H+ + 2e− ↔ 2HBr        (1 - 4) 
1.2.5 Non-aqueous Redox Flow Batteries 
The electrochemical window of water-based electrolytes is around 1.23 V. The 
cell voltage could be increased if one can widen the electrochemical window of the 
electrolytes. One way is to increase the H2/O2 evolution over-potentials on electrode 
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surface and slow down the electrolysis of water. Alternatively, aprotic solvents such 
as acetonitrile and propylene carbonate, which have much wider electrochemical 
window, can be used to replace water. 
Redox couples investigated in non-aqueous solvents include transitional metal 
bipyridyl complexes such as [Ru(bpy)3]1+/2+/3+,[26] [Fe(bpy)3]2+/3+ and [Ni(bpy)3]0/2+,[27] 
etc., acetylacetonate complexes, such as Cr(acac)3,[28] Ru(acac)3,[29] Mn(acac)3,[30] 
VO(acac)2,[31-32] [V(mnt)3]2− (mnt = (NC)2C2S22−),[33] and aromatic derivatives with Li 
as the anode[34].  
Increasing interest was attracted to all organic redox flow batteries in recent 
years because organic compounds can be obtained from natural sources in a 
sustainable way. For instance, flow battery with 0.1 M N-methylphthalimide and 
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) and acetonitrile as electrolyte 
discharges at 1.36 V. The coulombic efficiency is above 90% for the first 20 
cycles.[35] Cells with 0.05 M 2,3,6-trimethylquinoxaline and 2,5-di-tert-butyl-1,4-
bis(2-methoxyethoxy)benzene (DBBB) dissolved in propylene carbonate discharges 
at 1.70–1.30 V. These cells have coulombic efficiency at around 70% and the 
theoretical energy density can go up to 12 Wh l-1.[34] Some of these cells are listed in 
Table 1 - 1. 
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Table 1 - 1. General properties and performance of non-aqueous redox flow batteries.[2] 
Table 1 - 1.    












Ru(bpy)3[26] [Ru(bpy)3]2+ + e- ↔ [Ru(bpy)3]+  
 
[Ru(bpy)3]2+  ↔ [Ru(bpy)3]3+ + e-   
2.60 20 mM [Ru(bpy)3](BF4)2 in 
0.1M Et4NBF4/CH3CN 
20 mM [Ru(bpy)3](BF4)2 in 
0.1M Et4NBF4/CH3CN 









[Ni(bpy)3]2+ + 2e- ↔ Ni(bpy)3  
 
[Fe(bpy)3]2+  ↔ [Fe(bpy)3]3+ + e-   
2.25 0.4 M Fe(bpy)3(BF4)2 in 0.5 
M TEABF4/PC 








        
Ru(acac)3[29] Ru(acac)3 + e− ↔ [Ru(acac)3]−  
 
[Ru(acac)3] ↔ [Ru(acac)3]+ + e− 
0.85 0.1 M Ru(acac)3(ClO4)2 in 1 
M TEABF4/CH3CN 
0.1 M Ru(acac)3(ClO4)2 in 1 
M TEABF4/CH3CN 
 Neosepta® anion 
exchange membrane 
(Eurodia Industrie SA)  
0.17 74 
        
Fe(bpy)3[29] Fe(bpy)32+ + e− ↔ Fe(bpy)3+  
 
 
Fe(bpy)32+ ↔ Fe(bpy)33+ + e− 
1.50 0.05 M [Fe(bpy)3](ClO4)2 in  
0.5 M TEAP/CH3CN 
0.05 M [Fe(bpy)3](ClO4)2 in  
0.5 M TEAP/CH3CN 
 Neosepta® anion 
exchange membrane 
(Eurodia Industrie SA)  
0.017 6 
        
Cr(acac)3[28] Cr(acac)3 + e− ↔ [Cr(acac)3]−, 
[Cr(acac)3]− + e− ↔ [Cr(acac)3]2−  
 
Cr(acac)3 ↔ [Cr(acac)3]+ + e−, 
[Cr(acac)3]+ ↔ [Cr(acac)3]2+ + e− 
3.40 0.05 M Cr(acac)3 in 0.5 M 
TEABF4/CH3CN 
 
0.05 M Cr(acac)3 in 0.5 M 
TEABF4/CH3CN 
 Neosepta AHA anion-





Table 1 - 1. (Continued) 
Redox couples Electrode reactions on charge  OCP 
(V) 




 (mA cm-2) (%) 
V(acac)3[31-32] V(acac)3 + e− ↔ V(acac)3−  
 
V(acac)3 ↔ V(acac)3+ + e− 
1.70 0.05 M V(acac)3, 0.1 M 
TBAPF6 in various solvents 
0.05 M V(acac)3, 0.1 M 
TBAPF6 in various solvents 





        
Mn(acac)3[30] Mn(acac)3 + e− ↔ Mn(acac)3−  
 
Mn(acac)3 ↔ Mn(acac)3+ + e− 
1.10 0.05 M Mn(acac)3 in 0.5 M 
TEABF4/CH3CN 
0.05 M Mn(acac)3 in 0.5 M 
TEABF4/CH3CN 





        
V(mnt)3[33] V(mnt)32- + e− ↔ V(mnt)33−  
 
V(mnt)32- ↔ V(mnt)3- + e− 
1.10 20 mM V(mnt)32- in 0.1 M 
[TBA][PF6]/CH3CN 
20 mM V(mnt)32- in 0.1 M 
[TBA][PF6]/CH3CN 
 V25EKD separator 
(Tonen) 
0.05 20–25 






+ e− ↔ (2,3,6-
trimethylquinoxaline)-  
 
DBBB ↔ DBBB+ + e− 
1.70-
1.30 
0.05 M DBBB, 0.05 M 2,3,6-
trimethylquinoxaline in 0.2 
M LiBF4/PC 
0.05 M DBBB, 0.05 M 2,3,6-
trimethylquinoxaline in 0.2 
M LiBF4/PC 
 Nafion 117 0.0625 37 




TEMPO+ + e− ↔ TEMPO 
 
N-Methylphthalimide ↔  
N-Methylphthalimide- + e− 
1.60 0.10 M TEMPO in 1.0 M 
NaClO4/acetonitrile 
0.10 M N-Methylphthalimide 





0.35  74 
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Low solubility of redox species in organic solvent (usually <1.0 M) remains a 
serious limitation of non-aqueous RFBs despite higher voltage is achieved.  Loss in energy 
density of non-aqueous RFBs due to the drop in solubility of the redox species can hardly 
be compensated by the gain in higher working voltage compared to aqueous RFBs. While 
crossover of the bulky redox couples could be effectively blocked by the commonly used 
proton exchange membranes, the ionic conductivity of these membranes is too low for high 
power applications. There is an urgent need of suitable membranes. Researchers have 
limited success so far in bringing up the energy density of RFB systems with non-aqueous 
RFBs.  
1.3 Hybrid Flow Batteries 
Since replacing water with aprotic solvent has little success in pumping up energy 
density of RFBs, other routes are also explored. Redox mediators dissolved in the catholyte 
or anolyte can be substituted by solid redox-active materials. Metals are popular choices 
because of their extremely high energy density and relatively simple redox chemistry. 
Hybrid flow batteries refer to such RFBs with half-cell reactions involving the deposition 
of solid specie.  
1.3.1 Zinc-based hybrid flow battery 
Zinc-bromine flow battery is one of the commercialized hybrid flow batteries. The 
theoretical specific energy of zinc-bromine flow battery is 440 Wh kg-1; in real devices the 
value drops to around 65-75 Wh kg-1.[5] Zinc-bromine flow battery has an open-circuit 
11 
 
voltage of 1.70 V and energy efficiency of 80%.[37] The gap between the positive and 
negative electrodes in a zinc-bromine flow battery is usually divided by a porous separator. 
The porous separator helps to minimize the reduction of bromine at the zinc electrode 
during charging. A second circulating organic phase with complexing agents captures the 
bromine generated by forming an emulsion in water. Therefore, the emulsion could be 
separated from the aqueous phase in the storage tank due to different densities. 
Some of the common problems of zinc-bromine flow battery include low energy 
efficiency, high self-discharge rate and short cycle life. Bromine is able to oxidize the 
carbon electrodes in the cathodic compartment. The surface area of the electrodes decreases 
gradually, which eventually leads to higher over-potential due to the sluggish kinetic of 
bromine/bromide conversion. Dendrite formation on the anodic zinc, on the other hand, can 
potentially result in short circuit.  
Zinc remains a popular choice for anode material in hybrid flow batteries. Another 
hybrid flow battery with zinc as anode is zinc-chlorine flow battery. Zinc-chlorine flow 
battery discharges at 1.80 V.  The coulombic efficiency and energy efficiency are reported 
to be 84% and 66% respectively.[38] Just as any other systems with halogen gas released, 
the emission of chlorine in zinc-chlorine flow battery is a potential environmental 
hazard.[39] Other zinc-based hybrid flow batteries reported include Zn/Ce[40], Zn/MnO2[41-42] 
and Zn/Ni [43-45]. 
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1.3.2 Alkaline-ion cathode flow battery 
Alkaline-ion flow battery (Figure 1 - 2) is a recent development of the hybrid flow 
battery (the terminology of “alkali-ion cathode-flow battery”, first introduced by Lu et al, 
[46]  is inconsistent with the fact that lithium-ion battery are characterized by the fact that 
they do not contain the alkali element in the metallic state). Alkaline metal such as lithium 
metal is used as anode and redox species such as ferricyanide is used in the catholyte.[46-47] 
(Equation 1-5 and 1-6) A LIC-GC membrane separates the aqueous solution in the 
cathodic half-cell and organic electrolyte in the anodic half-cell. The battery has an open-
circuit voltage of 3.40 V and coulombic efficiency of more than 97% over 1000 cycles.[46] 
At 10 mA cm-2 the highest power density reported is 17 mW cm-2.[47] Alkaline-ion flow 
battery has higher energy density than conventional RFBs. The electrochemical window of 
electrolytes is successfully extended beyond 1.23 V with the help of the Li+ ion conducting 
membrane. The LIC-GC membrane in this system serves multifold roles. First of all, it is a 
Li+ conductor. Secondly, it blocks the crossover of electrolytes and dendrite growth of the 
Li anode. Ion-conducting membrane made of LISICON-type Li1+x+yAlxTi2–xSiyP3–yO12 with 
Li+ conductivity ~10-4 S cm-1 is the most popular choice in recent research.  
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 Positive electrode reaction: Fe(CN)64−  ↔  Fe(CN)63− + e− (1 - 5) 
Negative electrode reaction: Li+  + e− ↔ Li   (1 - 6) 
A similar system design was proposed by Wang et al.[48] FeCl3/FeCl2 couple is used 
in the aqueous catholyte and lithium metal is used as anode in a non-aqueous electrolyte. 
Hydrolysis of the Fe3+ in the catholyte is suppressed by hydrochloric acid.[49] A method of 
continuously refuelling the cathodic tank by adding the oxidizing agent NH4S2O8 was also 
proposed. Two refuelling cycles by NH4S2O8 were shown in the experimental data. Judging 
by the colour change of the solution, NH4S2O8 can oxidize Fe2+ to Fe3+ in 10 seconds. 
Effectively, the hybrid flow battery is turned into a fuel cell where NH4S2O8 is consumed in 
 





discharge cycles. Charge transfer between the added NH4S2O8 and the electrode is carried 
out by the FeCl3/FeCl2 couple.  
 
1.3.3 Lithium-iodine flow battery 
Lithium-iodine flow battery was introduced by Zhao et al.[50-51] Even at high power 
density (~0.13 W cm−2 at a current density of 60 mA cm−2), the cell still retains high 
capacity (>99.5% for 100 cycles) and high coulombic efficiency (>99.5% for 100 cycles). 
The open-circuit voltage of lithium-iodine flow battery is around 3.60 V. The reported 8.20 
M LiI aqueous electrolyte should have theoretical specific energy of 280 Wh kg−1 
(assuming only I-/I3- conversion happens) but experimental results of up to 300 Wh kg−1 
(~550 Wh l−1) were observed.[52] The polyiodides formed and the subsequent Faradaic 
reaction of the polyiodides species are supposed to contribute to the extra capacity.[50] 
1.3.4 Lithium-polysulphide flow battery 
Lithium-polysulphide flow battery (Figure 1 - 3) is investigated due to the high 
theoretical capacity of polysulphide. In lithium-polysulphide flow battery, the anode is 
lithium metal and the catholyte is soluble lithium polysulphide (Li2S8 in 1:1 mass ratio 
dioxolane/dimethoxyethane solvent).[53] (Equation 1-7 to Equation 1-9) In the proof-of-
concept study, the cycling tests were done in a coin cell but the researchers claimed that the 
design they used could easily be integrated into a flow system. Manthiram et al.[54] also 
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suggested this concept but they have not published any result yet. During cycling, 
formation of solid species Li2S2/Li2S was avoided by setting the discharged voltage cut-off 
above 2.15 V. Otherwise, there would be significant capacity fading if the porous carbon 
electrodes were clogged by the solid species formed. In this study, [53] the capacity fading is 
less than 5.0% per 100 cycles for the 2.5 M polysulphide electrolyte, and 8.4% per 500 
cycles for 5.0 M polysulphide electrolyte. The energy density is 108 Wh l−1 (97 Wh kg−1) 
with 5.0 M polysulphide electrolyte. At 4.4 mA cm-2, the power density reported is 10 mW 
cm-2.  
LiNO3 additive,[55] which passivates the lithium anode surface and eliminates the 
need of ion-selective membrane, also contributes to the excellent cycling performance. The 
cost of the system would be lower if no ion-selective membrane is needed. Bauer et al.[56], 
on the other hand, suggested using lithiated Nafion treated Celgard as separator to stop the 
shuttling of polysulphides. Sulphur (45 wt.%) is mixed with conductive additives and 
binder in the cathode. The initial capacity of the cell is larger than 1000 mAh g-1 and 600 
mAh g-1 remains after 100 cycles based on the weight of active materials. Compared to 
cells with normal Celgard (<40% coulombic efficiency), cells with Nafion treated Celgard 
has improved performance (70% coulombic efficiency).  
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 Positive electrode reaction: 4S62−  ↔  3S82− + 2e−   (1 - 7) 
              3S42−  ↔  2S62− + 2e−  (1 - 8) 
Negative electrode reaction: Li+  + e− ↔ Li   (1 - 9) 
The energy density of hybrid flow battery is much improved compared to 
conventional RFBs because solid materials have much higher energy density than their 
liquid counterparts. In hybrid flow battery, a common problem is dendrite formation.  
Capacity loss and possible safety concern such as short-circuit are some of the nasty 
 






consequences of dendrite formation. Moreover, some advantages of RFBs are lost in the 
hybrid systems because the solid active materials are non-flowable. Most importantly, the 
decoupling of power and capacity realized by using flowable electrolytes in both tanks is 
not possible in hybrid flow battery. Even though hybrid flow battery has higher energy 
density than conventional flow battery, there is clearly some room for improvement. Liquid 
catholyte in the cathodic half-cell has relatively low energy density. If both tanks are 
replaced with solid active materials, the limit on energy density could be pushed even 
further. 
1.4 Flow Batteries with Solid/Semi-solid Active Materials 
Filling both tanks of flow battery with solid redox-active materials is an effective 
way to increase the energy density of the system. However, it is difficult to maintain 
electronic conduction between the solid active materials and the current collectors when the 
redox-active materials are flowing. The following reported mechanisms endeavor to solve 
this problem. In 2007, semi-solid flow cell (SSFC, Figure 1 - 4) was patented by Chiang 
and coworkers.[57] A semi-solid slurry is circulated in both half-cells separated by a 
polymeric separator. The semi-solid slurry contains active materials mixed with conducting 
additives and organic electrolyte. The conducting additives in the slurry provide a dynamic 
and continuous percolating network for electron conduction between the active materials 
and current collectors. The concept of slurry electrode was first introduced by Kastening et 
al. in the 1990s.[58] This concept had not implemented in flow battery system until 20 years 
later. Various material combinations and systems have been developed in the past few 
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years. These reported systems include semi-solid lithium rechargeable flow battery,[57, 59-63] 
polypyrrole suspension/manganese dioxide flow battery,[64] electrochemical flow 
capacitors,[65-67] etc. 
 
The increase in energy density of SSFC compared to conventional RFBs is 
apparent. Molarity concentration of Li+ in lithium-ion battery active materials is estimated 
to be ranging from 20 M to over 80 M.[59] The operating voltage is also higher in SSFC 
because organic solvents are used. SSFC has energy density at least an order of magnitude 
higher than conventional RFBs. For example, a LiCoO2-graphite SSFC cell is claimed to 
have an energy density of 615 Wh l−1 (309 Wh kg−1) based on the active materials alone. A 
full cell with 20 vol.% LiCoO2 and 10 vol.% Li4Ti5O12 was reported. This system shows 
coulombic efficiency above 70%.[59] (Equation 1-10 and 1-11)  
 





Positive electrode reaction:  LiCoO2 ↔  Li1−𝑥CoO2 + 𝑥Li+ + 𝑥e−  (1 - 10)      
Negative electrode reaction: Li4Ti5O12 + 3Li+  + 3e− ↔ Li7Ti5O12 (1 - 11) 
Studies also found that the optimal flowing speed in the SSFC should be lower than 
normal RFBs.[68] The slower flow in SSFC ensures energy dissipation due to the high 
viscosity of slurry is minimized. The charge rate and flow rate have to be matched to ensure 
full charge or discharge of active materials in a single pass through the electrodes. 
Therefore, a four-tank system is proposed to separate the charged and discharged active 
materials in different tanks.  
The SSFC is compatible with silicon as the active material as well, despite the large 
volume change of silicon during charge and discharge.[61] After 30 cycles, the cell retains 
more than 80% of the theoretical capacity and more than 98% coulombic efficiency. The 
stability is slightly lower in the SSFC compared to cells with Si/C/carboxyl methyl 
cellulose (CMC) composites, which have more than 99.9% coulombic efficiency. 
Irreversible reactions between Li and the conductive additive and the reduction of 
electrolyte are possible causes for the huge capacity loss observed in the first two cycles. 
Drastic change in shape and structure of the Si particles were observed but the reversibility 
was not significantly affected in subsequent cycles. The overall volumetric/gravimetric 
capacities (55 mAh ml−1 and 54 mAh g−1), however, are rather small due to low Si loading 
(14.0 vol.%).  
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The SSFC system is also compatible with aqueous solvents. Li et al. used a basic 
aqueous electrolyte (pH = 11-12) with 18 vol.% LiTi2(PO4)3 and 10 vol.% LiFePO4 as the 
active materials.[62] The cost of the system is expected to be lower than that of systems with 
non-aqueous electrolyte. Aqueous electrolyte is also associated with enhanced electrolyte 
conductivity and safety. Calculation solely based on the active materials shows the energy 
density of the aqueous system is 100–300 Wh l-1. The cycling performance is not as good 
as other SSFC systems because of the oxidation of anodic active materials and precipitation 
of Fe(OH)3 on the cathodic side. The capacity retention is only 54% after 100 cycles. 
Therefore, the aqueous SSFC will not become a viable option unless more robust battery 
chemistry is developed.  
Using polysulfide suspension in the cathodic half-cell is the most recent 
development of SSFC.[63] Lithium metal is used as the anode and is passivated with LiNO3. 
During discharge, the polysulfide species Li2S8 precipitates to form Li2S. The system has 
an energy density of 61 Wh l-1, calculated based on the active material in 2.5 mol l-1 sulfur-
containing catholyte. The reported energy efficiency is 75.7% and coulombic efficiency is 
95.6%.  The precipitation of discharge product has minimal impact on the capacity despite 
the fact that the discharge product is insulating. This is because the thickness of the 
insulating layer is estimated to be only 1.7 nm.[63] The electrode area available for charge 
transfer is enlarged by 1000 times because of the ketjenblack conductive additive. 
Assuming the coating on the conductive additive surface is conformal, the insulating Li2S 
layer will have significantly reduced thickness. 
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The SSFC can achieve higher energy density by storing energy in solid active 
materials. With conductive slurry as a percolating conductive network, decoupling of 
power and capacity is feasible. The percolating conductive network, however, may limit the 
maximal power of the system because of its low electronic conductivity (<0.1 mS cm-1)[59]. 
Solid electrolyte interphase (SEI) will develop on the materials so electronic conductivity 
may further deteriorate upon prolonged cycling. Therefore, conducting additives have to 
take up a large volume ratio and inevitably compromise the energy density of the system.  
 
1.5 Objectives  
Based on the review, we have identified that enhancing energy density is the most 
pressing issue of RFB development. For RFB to be commercially successful, the cost per 
kWh needs to be reduced further. Increasing the energy density alleviates this issue to a 
certain extent. The main research gaps of current studies on RFBs are summarized below: 
1. RFB with organic solvents aspires to increase the energy density by widening 
the electrochemical window. But the solubility of the redox species in organic 
solvents is so low that none of the attempts made so far is viable. 
2. The hybrid flow battery, especially the alkaline-ion cathode flow battery 
increases the energy density to a certain extent but the energy density of the 
liquid catholyte is more or less comparable to conventional RFB. Moreover, the 
power density would be limited by the Li+ conducting membrane. 
22 
 
3. SSFC is claimed to have increased the energy density of flow battery to more 
than 10 times of conventional RFB, assuming the reservoirs are filled with 
active materials with 50% porosity. However, there is still limitation on the 
maximal power output due to low conductivity of the conductive network. 
Moreover, if conductive additives are removed, the energy density of the system 
could be further improved. This is because conductive additives are inert 
components of the system.  
The aim of this study is to develop a system of RFBs which will have higher energy 
densities. Chapter 3 introduces an approach of combining the concept of hybrid RFBs with 
non-aqueous catholyte and alkaline metal anode. Higher energy density could be achieved 
by removing the conventional solvents from the system. Chapter 4 proposes a disruptively 
novel device called redox flow lithium-ion battery, which exploit the flexible design of 
redox flow battery and the high energy density of lithium-ion battery. More than 10 times 
of energy density improvement can be achieved in this system. Moreover, the need of using 
conductive additives can be avoided. Chapter 5 presents an investigation of the kinetics of 
reaction between redox shuttle molecules and cathodic active materials in RFLB. This 
investigation shows that the reaction kinetic will not be a limiting factor on the maximal 
output of the system. Furthermore, it helps to establish a methodology of selecting well-
matched redox molecules and active materials. Finally, Chapter 6 concludes the thesis with 
the current stage of RFLB research and discussion of future research direction. 
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Chapter 2. Experimental Methodology 
2.1 Introduction 
This chapter introduces the experimental methods used in this work. Basic 
electrochemical tests including chronopotentiometry, cyclic voltammetry (CV) and 
potential step amperometry were used to investigate the electrochemical properties of redox 
molecules and performance of the flow cells. Morphology and structural properties of the 
active materials were characterized by dynamic Light Scattering (DLS), Fourier transform 
infrared spectroscopy (FTIR), scanning electron microscopy (SEM) and X-Ray diffractometry 
(XRD). Concentration change of redox species in electrolyte was monitored by ultraviolet–visible 
spectroscopy (UV-vis). The section of device setup introduces the assembly methods of two types 
of half-cells used in this work. The characterization techniques are summarized in Table 2 – 1. 




Table 2 - 1. Summary of major characterization techniques. 
Characterization Equipment Model 
Chronopotentiometry Autolab PGSTAT102 
Cyclic Voltammetry (CV)  Autolab PGSTAT101 
Potential Step Amperometry  Autolab PGSTAT103 
Dynamic Light Scattering (DLS) Malvern Zetasizer Nano-ZS 
Fourier Transform Infrared Spectroscopy (FTIR) Varian 3100 FT-IR 
Scanning Electron Microscopy (SEM) Zeiss Supra 40 FESEM 
Ultraviolet–visible Spectroscopy (UV-vis) Shimadzu  Solidspec-3700 
X-Ray Diffractometry (XRD) Bruker D8 Advance 
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Table 2 - 2. Summary of major materials and chemicals used. 
Name Formula/Code Supplier 
1,1-dibromoferrocene FcBr2, 97% Sigma-Aldrich 
1-Methyl-2-pyrrolidone C5H9NO, anhydrous, 99.5% Merck 
Acetonitrile (ACN) C2H3N, 99% Fisher 
Aluminium oxide  Al2O3 Sigma-Aldrich 
Bis(trifluoromethane)sulfonimide 
lithium salt (LITFSI) 
CF3SO2NLiSO2CF3, 97% Sigma-Aldrich 
Ferrocene (fc) Fe(C5H5)2, 98% Acros 
FTO Fluorine doped tin oxide Pilkington TEC-15 
Gamma-Valerolactone (GVL) C5H8O2, 99% Sigma-Aldrich 
LIC-GC Li1+x+3zAlx(Ti,Ge)2-xSi3zP3-zO12 Ohara 
Lithium cobalt(III) oxide LiCoO2 Sigma-Aldrich 
Lithium hydroxide LiOH, 98% Sigma-Aldrich 
Lithium iodide LiI, 99.9% Sigma-Aldrich 
Lithium iron(II) phosphate LiFePO4 Sigma-Aldrich 
Lithium perchlorate LiClO4, anhydrous, 99.99% Sigma-Aldrich 
LP40 1 M LiPF6, EC:DMC (1:1 by weight) Charslton  
Nafion membrane Nafion 212 Dupont 
Nitrosonium tetrafluoroborate NOBF4, 95% Sigma-Aldrich 
Polyvinylidene fluoride (PVDF) -(C2H2F2)n- Alfar Aesar 
Propylene carbonate (PC) C4H6O3, 99.7% Sigma-Aldrich 
Tetraethylene glycol dimethyl 
ether TEGDME, 99% 
Sigma-Aldrich 
Tris(2,2′-bipyridine)osmium(II) 
hexafluorophosphate Os(bpy)3(PF6)2, 97% 
Sigma-Aldrich 
Tris(2,2′-bipyridine)ruthenium(II) 




2.2 Characterization Techniques 
2.2.1 Chronopotentiometry 
In chronopotentiometry, the galvanostat uses a three electrode configuration to 
apply a current between the counter and working electrodes, and the potential of the 
working electrode (measured with respect to the reference electrode) is monitored. The 
basis of controlled current experiments is that, in order to support the applied current, a 
redox (electron transfer) reaction must occur at the surface of the working electrode. In 
battery applications, the three electrode configuration is sometimes reduced to a two 
electrode configuration.  
An ideal reference electrode should hold a constant potential, preferably known on 
an absolute scale, and have little or no current flowing through them during testing. In the 
two electrode configuration, the reference electrode is connected to the counter electrode, 
so a relatively large current is flowing through it, possibly affecting its potential. The two 
electrode configuration is an inevitable compromise, especially in Swagelok cells. Due to 
space limitation, it is difficult to place a separate reference electrode into the Swagelok 
cells. Fortunately, the potential of the lithium foil, which connects to the reference and 
counter electrodes in the Swagelok cells, is relatively stable for practical purposes. The 
potential measured in this case, would be the cell voltage. 
When the counter electrode is significantly larger than the working electrode, it is 
acceptable to use it as a reference electrode as the overpotential caused by the current is 
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relatively low. Chronopotentiometry was performed with an Autolab 
potentiostat/galvanostat controlled by the Nova 1.9 software package. 
2.2.2 Cyclic Voltammetry (CV) 
In CV, the potential of the working electrode is varied at a specific sweep rate (in V 
s-1), and the resulting current vs. time curve is measured.[1] Usually the sweep is reversed at 
some specific switching potentials, hence the name cyclic voltammetry. Analytical (e.g., 
concentration), thermodynamic (e.g., redox potentials and equilibrium constants), kinetic 
(e.g., rate constants for reactions involving electrogenerated species) and mechanistic 
information about chemical systems in which redox chemistry plays a role can be obtained.  
A three electrode configuration is usually used in this work, though sometimes a 
two electrode configuration is used, where the counter and reference electrodes are 
combined. All the CVs were performed with an Autolab potentiostat/galvanostat controlled 
by the Nova 1.9 software package. 
2.2.3 Potential Step Amperometry 
In chronoamperometry, current–time behaviour of an electrochemical system after a 
potential step in a still solution is observed. In this work, all the potential step amperometry 
was performed after a pretreatment with a rest potential to ensure all the redox species on 
the surface of the electrode remain completely oxidized or reduced.  
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Potential Step Amperometry was performed with an Autolab potentiostat/ 
galvanostat controlled by the Nova 1.9 software package. 
 
2.2.4 Dynamic Light Scattering (DLS) 
DLS is a technique for measuring the size of particles typically in the submicron 
region. DLS measures Brownian motion of suspended particles and relates this to the size 
of the particles.[2] The larger particles exhibit slower Brownian motion. The velocity of the 
Brownian motion is defined by the translational diffusion coefficient. The diameter 
measured in DLS is a property related to how a particle diffuses within a fluid so it is 
referred to as a hydrodynamic diameter.  
The particle size of LiFePO4 was estimated using a laser scatterometer (Zetasizer 
Nano ZS, Malvern). Before the measurement, LiFePO4 powder was dispersed in a viscous 
paraffin oil (refractive index: 1.475, dielectric constant: 2.2, viscosity: 1000 cP) to prevent 
fast sedimentation and stirred with a magnetic stirrer for 20 min. The measurements were 




2.2.5 Fourier Transform Infrared Spectroscopy (FT-IR) 
IR spectroscopy is useful in determining chemical structure in molecules because 
various functional groups within a molecule can be identified according to the absorbed 
energy.[3]  The total internal energy of a molecule in a first approximation can be resolved 
into the sum of rotational, vibrational and electronic energy levels. In general, a frequency 
will be strongly absorbed if its photon energy coincides with the vibrational energy levels 
of the molecule. These frequencies all lie within the infrared region of the electromagnetic 
region. Determining these frequencies and representing them identifies the bonds that exist 
in a molecule.  
In FT-IR spectrum, every frequency in the spectrum was acquired simultaneously, 
resulting in extremely fast measurements. The measured interferogram will be decoded by 
Fourier transformation.  
The FT-IR spectra of LiFePO4/FePO4 particles were recorded on Varian 3100 FT-
IR spectrophotometer (Excalibur Series, USA). The FT-IR samples were prepared by 
grinding the particles with KBr and pressing the mixture into pellets. The sample chamber 
was purged for 10 minutes with nitrogen in order to remove excess moisture which 
interferes with the FT-IR spectra. The measurement was performed at room temperature 
with spectral range of 400 to 1400 cm-1 (128 scans). 
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2.2.6 Scanning Electron Microscopy (SEM)         
Scanning electron microscopy (SEM) is widely used to obtain visual morphology 
information on the surface of material. An SEM image is composed of raster scan pattern 
of a high-energy beam of electrons. In the state of the art SEM, high-energy electrons are 
usually emitted via field emission. These electrons interact with the surface atoms of the 
sample, generating signals that contain specific information about the sample’s surface 
topography, composition and so forth. The secondary electrons emitted by atoms excited by 
the electron beam are collected by a low-energy (< 50 eV) secondary electron detector.  
The electron signals from the detector output can produce very high-resolution images of 
the sample surface, revealing structure details less than 10 nm in size. In addition, SEM 
images provide three-dimensional information with the large depth of field yielded by the 
extremely narrow electron beam. These characteristics enable SEM to reveal the 
microstructure of sample surface with minimal physical or chemical damage if the sample 
is a conductor.  
In this study SEM was used to examine the surface morphology of LiFePO4 
particles on a Zeiss Supra 40 FESEM system. The particles were first dispersed on carbon 
tape before being placed into the SEM chamber and exposed to a high-energy electron 
beam emitted by a strong electrical field of 5 kV. The image magnifications ranged from 
5−50 k, giving a high resolution in the measure of nanometers.   
34 
 
2.2.7 Ultraviolet–visible Spectroscopy (UV-vis) 
UV-Vis spectroscopy is routinely used to quantitatively determine the change in 
concentration of solutions of transition metal ions, highly conjugated organic compounds, 
and biological macromolecules. 
Absorbance is directly proportional to the path length, b, and the concentration, c, of 
the absorbing species, as described by Beer-Lambert Law: 
A = ebc, where e is the absorbtivity.   (2 - 1) 
When an atom or molecule absorbs energy, electrons are promoted from their 
ground state to an excited state. Different molecules absorb radiation of different 
wavelengths. An absorption spectrum will show a number of absorption bands 
corresponding to structural groups within the molecule. 
For UV-Vis characterization, the redox molecules are dissolved in LP40. The quartz 
cuvette with a path length of 0.50 cm was sealed with Ar. A small magnetic stirrer was 
inserted in the cuvette to homogenize the suspension. 
2.2.8 X-Ray Diffractometry (XRD) 
Powder XRD (X-ray Diffractometry) is the most widely used x-ray diffraction 
technique for characterizing materials. The sample is usually in a powdery form, as the 
name suggests, consisting of fine grains of single-crystalline or poly-crystalline materials to 
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be studied. The crystalline domains are randomly oriented in the samples.[4] The positions 
and the intensities of the peaks are used for identifying the underlying structure (or phase) 
of the material. The elastically scattered x-rays carry information about the electron 
distribution in materials. If the atoms are arranged in a periodic fashion, as in crystals, the 
diffracted waves will manifest sharp interference maxima (peaks) with the same symmetry 
as in the distribution of atoms. Therefore, distribution of atoms in a material can be 
deduced by measuring the diffraction pattern.  
During the experiment, Cu Kα (1.5418 Ǻ) source was used. The LiFePO4/FePO4 
particles are dispersed on the XRD sample holder.  All the measurements were taken at 
room temperature. 
2.3 Preparation of lithiated Nafion membrane 
Lithiated Nafion membrane was prepared according to a previously reported 
method[5] with some modifications. Lithium ion exchange of the Nafion membrane was 
carried out in a solution of 2 M LiOH in EtOH/H2O (1:2 by volume) for 2 hours at 80 °C 
under vigorous stirring. The lithiated membrane was then rinsed and washed in boiling 
deionized water to remove the residual salt and EtOH. Afterward, the membrane was 




2.4 Device Setup 
2.4.1 Stack half-cell setup 
The half-cell was assembled in a laminated structure as illustrated in Figure 2 - 1. 
The anode was lithium foil and a stainless steel plate was the current collector. The 
electrolyte in the anodic compartment was LP40. The separator used was either lithiated 
Nafion, prepared by a previously reported procedure,[5] or a lithium-ion conducting glass 
ceramic membrane (LIC-GC) with a thickness of 150 µm from OHARA Inc., Japan. The 
gasket material is silicon rubber. On the top of the cathodic stainless steel end plate, a layer 
of carbon felt functions as the current collector. The effective area of the membrane is 4.0 
















 2.4.2 Glass half-cell setup 
The glass-cell (manufactured by UFO Labglas Pte Ltd) was assembled as illustrated 
in Figure 2 - 2. The anode was lithium foil and a stainless steel rod was used as the current 
collector. The separator used was LIC-GC membrane. Carbon felt was used as the cathodic 
current collector. The effective area of the membrane is 0.50 cm2. A magnetic stirrer bar 
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Chapter 3. Solvent-free Redox Flow Battery 
3.1 Introduction 
Conventional redox flow battery (RFB) strikes a good balance between efficiency, 
cost, safety and flexibility but suffers from low energy density. Increasing cell voltage is 
one way to bring up the energy density of the system. Replacing water with organic 
solvents, which have wider electrochemical window, opens up the opportunity of using 
redox species with larger potential differences. Several studies, with limited success, 
adopted this approach by dissolving organometallic compounds in organic solvents.[1-7] The 
reason why these studies failed to bring up the energy density of the system is because of 
the less than satisfactory solubility of these organometallic compounds in the organic 
solvents. Another concern of using organometallic compounds is environmental impact; 
large consumption of transition metals, especially the precious ones, would be 
unsustainable once the production of these systems scales up.[8] All-organic electroactive 
species[9-10] seem to be an environmentally friendly, sustainable and low cost solution. The 
solubility of these organic redox species, however, is only marginally higher than that of 
organometallic compounds. The energy density of all-organic flow cells still falls short of 
20 Wh L-1. To further improve on the energy density of these systems, we could possibly 
remove the inert components, such as the solvent from the electrolyte tanks. The energy 
density of the flow system will be increased drastically provided that we can find liquid 
organic redox molecules[11-14] which have high solubility of the supporting electrolyte. In 
the solvent-free flow battery system, the redox active molecules serve as the energy storage 
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material and solvent for the lithium salt simultaneously. As a proof-of-concept study, this 
investigation will focus on molecules suitable for the cathodic tank; lithium metal will be 
used as the anode. 
The ideal organic redox molecules should meet a few necessary criteria. First of all, 
the molecules should be electrochemically or chemically reversible during the charge and 
discharge reaction. Bond breaking or forming process which requires high activation 
energy, in organodisulfide and thioehter for example, would be considered too slow 
kinetically;[8] molecules with S-S or S=O bond should be avoided. Secondly, the molecule 
should be liquid at room temperature and have high solubility of lithium salt. The viscosity 
of the molecule should be low even in the presence of lithium salt so as to minimize energy 
loss from the circulation of electrolyte. Thirdly, the molecule for the cathodic tank should 
have a high redox potential so that the flow cell will have a large output voltage, a 
contributing factor to higher energy density. Fourthly, the molecule should have a high 
number-of-electron-transferred-to-molecular-weight ratio, another contributing factor to 
high energy density. Finally, synthesis of the organic molecule should be feasible and the 
cost should not be too high.  
Triphenylamine (TPA) molecule satisfies most of these criteria. The electron 
transfer process could be very fast in TPA redox centers due to small reorganization energy 
as a result of the delocalized charge.[15] TPA is expected to be suitable for high-rate 
applications because the radical redox process requires minimal bond cleavage or structural 
rearrangements. Oxidation of TPA molecules could be regarded as an electrochemically 
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reversible p-doping process.[16] A reasonable electronic conductivity of the TPA molecules 
will facilitate the charge/discharge process. The redox potential of TPA is generally above 
3 V against lithium, which is high enough for a working prototype. More importantly, some 
of the TPA derivatives have been reported[17] to be in liquid form at room temperature, 
which would be suitable for the solvent-free flow cell application. 
3.2 Experimental Methodology 
3.2.1 Materials 
The TPA derivatives shown in Figure 3 - 1 including tris-[4-(2-methoxyethoxy)-
phenyl]-amine (TMEPA), 4-(methoxymethoxy)-N-(4-(methoxymethoxy)phenyl)-N-
phenylaniline (DMEPA), and tris-{4-[2-(2-methoxyethoxy)ethoxy]-phenyl}-amine 
(TMPPA) were synthesized by Dr. Wang Xingzhu. The commercial electrolyte LP40 (1 M 
LiPF6, EC:DMC (1:1 by weight)), was purchased from CHARSLTON TECHNOLOGIES 
PTE LTD. TPA, Lithium bis(trifluoromethane sulfonyl) imide (LiTFSI) and ferrocene were 
used as received from Sigma-Aldrich. 
 

























3.2.2 Synthesis of tris-[4-(2-methoxyethoxy)-phenyl]-amine (TMEPA) 
To sodium 2-methoxyethylate (prepared from 2-methoxyethanol (250 mL) and 
sodium (5.0 g), and concentrated in vacuum to about 50 mL) sym-collidine (250 mL), 
copper(I) iodide (6.71 g) and tris(4-bromophenyl)amine was added and the reaction mixture 
and refluxed for 18 hours. Filtered hot, the solvent was evaporated in vacuum. The residue 
was extracted with tert-butylmethyl-ether (TBME) (150 mL), washed with HCl (3 M, 150 
mL), twice with water (150 mL) and with brine (150 mL). The product was dried over 
MgSO4, and concentrated under vacuum. The residual oil chromatographed under medium 
pressure (on silica gel, eluted with heptane and heptane:TBME 2:1) yielding tris-[4-(2-
methoxy-ethoxy)-phenyl]-amine (10.0 g, 60%, brown oil). 1H-NMR: (400 MHz, CDCl3) 
6.97 (2H), 6.83 (2H), 4.12 (2H), 3.77 (2H), 3.46 (3H). MS: (CI) m/e 467 (M+). Viscosity of 
the product is measured to be approximately 7000 cP at room temperature. 
3.2.3 Synthesis of tris-{4-[2-(2-methoxyethoxy)ethoxy]-phenyl}-amine (TMPPA) 
To sodium 2-(2-methoxyethoxy)ethlate (prepared from 2-(2-methoxyethoxy)ethanol 
(300mL) and sodium (5.0 g), and concentrated in vacuum to about 50 mL) sym-collidine 
(250 mL), copper(I)iodide (6.71 g) and tris(4-bromophenyl)amine was added and the 
reaction mixture and refluxed for 18 hours. Filtered hot, the solvent was evaporated in 
vacuum. The residue was extracted with tert-butylmethyl-ether (TBME) (250 mL), washed 
with HCl (3 M, 200 mL), twice with water (200 mL) and with brine (200 mL). The product 
was dried over MgSO4, and concentrated under vacuum. The residual oil chromatographed 
under medium pressure (on silica gel, eluted with heptane and heptane:TBME 2:1) yielding 
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tris-{4-[2-(2-methoxyethoxy)ethoxy]-phenyl}-amine (10.9 g, 60%, brown oil). 1H-NMR: 
(400 MHz, CDCl3) 7.16 (2H), 6.94 (2H), 4.32 (2H), 3.79 (2H), 3.55 (4H) 3.31 (3H). MS: 
(CI) m/e 599 (M+). Viscosity of the product is measured to be approximately 3800 cP at 
room temperature. 
3.2.4 Cyclic Voltammetry (CV) 
The formal potentials of the redox couples were determined by cyclic voltammetry 
experiments using a three-electrode cell and an Autolab potentiostat/galvanostat controlled 
by the Nova 1.9 software package. The working electrode was a 1.6 mm diameter glassy 
carbon electrode; the auxiliary electrode and the reference electrode were lithium foil. The 
supporting electrolyte was LP40. 
3.2.5 Stack half-cell setup 
The details of the stack half-cell setup are given in Chapter 2.4.1. TMEPA and 
TMPPA molecules in various concentrations are used as catholytes. 
3.2.6 Chronopotentiometry 
Charge/discharge profile of the half-cell was measured with an Autolab 




3.3 Results and Discussion 
The major challenge of applying TPA molecules in the solvent-free system is that 
TPA exists as a solid at room temperature. To overcome this problem, several alternative 
structures are synthesized and their electrochemical properties are investigated (Figure 3 - 
2). These molecules include TMEPA, DMEPA and TMPPA. 
 
Figure 3 - 2. Cyclic Voltammetry (CV) of the TPA derivatives molecules in 
LP40 with ferrocene (Fc) as the internal reference. The scan rate is 100 mV s-1 





 TPA has a melting point of 127 °C and, therefore, is a solid at room temperature. By 
attaching alkoxy side chains with various lengths on the benzene rings, the melting point of 
the molecule is successfully lowered. The alkoxy side chains lower the melting point of the 
synthesized molecules by weakening the interaction between individual molecules and 
making the packing less efficient. Among these molecules, only TMEPA and TMPPA 
remain liquid at room temperature. The exact melting points of these two molecules cannot 
be determined because they do not form crystalline phase upon cooling. The viscosity of 
TMEPA is around 7000 cP, which is higher than that of TMPPA at around 3800 cP at room 
temperature. DMEPA is the side product from the synthesis process of TMEPA and 
DMEPA is solid at room temperature. 
Table 3 - 1. E1/2 of various TPA derivatives against Li+/Li measured in LP40 
with glassy carbon as working electrode. 
Molecule Lower E1/2 vs. Li+/Li (V) Higher E1/2 vs. Li+/Li (V) 
TMEPA 3.47 4.10 
DMEPA 3.59 4.22 




The cyclic voltammetry (CV) results (Figure 3 - 2) show that the TMEPA and 
TMPPA have similar redox potentials in commercial electrolyte LP40. Both molecules 
undergo the first one-electron oxidation at around 3.45 V and the second one-electron 
oxidation at 4.05 V against lithium. The redox potential of TPA molecule is not listed in 
Table 3 - 1 because the reaction of TPA is not reversible; TPA dimerizes to form 
tetraphenylbenzidine (TPB) during the first oxidation.[18] The alkoxy groups are electron-
donating but the length of the alkoxy side chains has little effect on the redox potentials of 
the molecules, as shown by the lower redox potential of TMEPA compared to DMEPA. In 
general, the alkoxy chain tends to stabilize the cationic structure, and effectively prevents 
dimerization of the oxidized species, partly due to steric hindrance factor.  
Charge/discharge tests are performed with TMEPA (Figure 3 - 3) and TMPPA 
(Figure 3 - 4) of different concentrations in LP40. The charge/discharge tests show that 
these two molecules are redox active and they remain stable in the oxidized and reduced 
forms for prolonged period in LP40. This is a preliminary test before applying these 






     
 
Figure 3 - 3. 5 cycles of charge/discharge profile of a) 50 mM and b) 200 mM 







Both molecules have coulombic efficiency above 90% for 5 cycles. This shows that 
        
 
Figure 3 - 4. 5 cycles of charge/discharge profile of a) 50 mM and b) 200 mM 







both molecules are stable in LP40. The upper cut-off voltage is limited at 3.9 V to avoid the 
second oxidation lest the molecules become unstable at higher potential. Even though both 
molecules look promising in the preliminary tests, when the lithium salt (LiTFSI) is 
dissolved in the purified molecules, the viscosity goes up significantly. The reason LiTFSI 
is chosen as the lithium salt is that it has the highest solubility (>1 M) in the TPA 
derivatives among a few common lithium salts. The viscosity of LiTFSI/TMEPA goes up 
so much that the peristaltic pump is unable to circulate the fluid. TMPPA, on the other 
hand, retains a relatively low viscosity with 0.64 M LiTFSI dissolved at room temperature. 
Therefore, the mixture of 0.64 M LiTFSI/TMPPA is used for the solvent-free system. 
In the solvent-free half-cell, lithium metal is placed in the anodic compartment, 
which is filled with LP40. Lithiated Nafion membrane functions as the separator. In the 
cathodic compartment, carbon felt acts as the electrode and the solvent-free 
LiTFSI/TMPPA mixture is circulated by a peristaltic pump. The charge/discharge profile of 
LiTFSI/TMPPA (Figure 3 - 5) shows very limited capacity (<10% of the theoretical value) 
and the capacity fades quickly. A serious problem was spotted after 24 hours operation. 
The volume of the electrolyte in the cathodic tank increased significantly. After taking the 
cell apart, the anodic compartment was found to be almost empty. LP40 from the anodic 
compartment crossed over to the cathodic side due to different osmotic pressures. When the 
level of electrolyte drops in the anodic compartment, lithium ion diffusion between the 
lithium metal anode and the lithiated Nafion membrane becomes less effective. This 
explains the high over-potential in the charge/discharge profile. Lithiated Nafion membrane 
is, therefore, not suitable for application in the solvent-free half-cell. 
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 In a modified solvent-free setup, lithiated Nafion was replaced with LIC-GC 
membrane. The glass ceramic membrane was non-porous and successfully stopped the 
crossover of electrolytes. Instead of being circulated in the cathodic compartment, the 
LiTFSI/TMPPA mixture was soaked in carbon felt and pressed against the LIC-GC 
membrane. Being a fluid, the LiTFSI/TMPPA mixture spread across the surface of the 
glass ceramic membrane. 
 
Figure 3 - 5. Charge/discharge profile of pure TMPPA molecule at 0.075 mA cm-2 




The first charge half cycle (Figure 3 - 6) of the solvent-free half-cell showed 70% 
of the theoretical capacity but the first discharge half cycle only retained 43% of that. The 
capacity of the solvent-free half-cell faded quickly in the subsequent cycles, and it 
disappeared completely in the 5th cycle. The theoretical capacity is calculated based on the 
amount of LITFSI salt because TMPPA is in large excess. In the tests carried out in LP40 
(~1 cP in viscosity), the anions were in large excess and the oxidized species were 
surrounded by a layer of anions. However, in the solvent-free half-cell, the TFSI- anions 
had a lower concentration than the TMPPA molecules and they have a smaller diffusion 
coefficient due to higher viscosity. TFSI- is expected to diffuse slowly and provide 
inefficient screening effect to the oxidized TMPPA species. Even though TMPPA is 
expected to function as a liquid hole conduction just as TMEPA, which means charges 
transport can be realized by holes hopping among TMPPA molecules without physical 
movement of either the cationic species or anionic species, the conductivity is quite low at 
room temperature (< 10-5 S cm-1).[17] Moreover, when the concentration of TMPPA+ 
increased, the viscosity of the LiTFSI/TMPPA mixture increased further. This would 
explain the increasing over-potential needed to drive the reaction.  At this point, TMPPA 




 3.4 Summary 
TPA derivatives were investigated for the applications of solvent-free redox flow 
battery. Both TMEPA and TMPPA have suitable redox potentials as the cathodic redox 
molecules. TMPPA in particular, when it is mixed with lithium salt, has a viscosity that is 
low enough for the flow battery application. A prototype of solvent-free redox flow battery 
is demonstrated. However, the performance of the solvent-free half-cell shows large over-
 





potential and low coulombic efficiency. One way to improve on the performance would be 
to further modify the molecule so that it will have lower viscosity. Alternatively, we can 
use higher power pumps and engineer the flow pattern in the cell to better accommodate 
electrolyte with high viscosity.  Furthermore, we can increase the solubility of lithium salt 
by lengthening the side chains. But lengthening of the side chains will further decrease the 
density as well as the energy density. The concentration of purified TMPPA molecule is 
only slightly higher than 2.0 M. Even if we can find a lithium salt with exceedingly high 
solubility or lengthening the side chains of the TPA derivatives without significantly 
decreasing the density, the energy density of the solvent-free flow battery will only be 
comparable to conventional all-vanadium RFB. Therefore, to further improve the 
performance of the redox flow cell, it is necessary to survey other molecules with higher 
density and lower viscosity.  
Since the approach of removing solvents from the electrolytes was not particularly 
successful, another approach is investigated. In a novel flow battery, liquid electrolytes are 
replaced with solid active materials, which have even higher energy density than TPA 
derivatives molecules. This novel device, redox flow lithium-ion battery, is introduced in 
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Chapter 4. Redox Flow Lithium-ion Battery — Proof of 
Concept 
4.1 Introduction 
The development of batteries has not kept pace with the rapid growth of other 
technologies[2-3]. Often the heaviest, costliest and the least-green component of electronic 
devices, batteries are currently the bottleneck in the large-scale deployment of stationary 
energy storage for smart grid and automotive energy storage for electric vehicles. With 
their energy density easily surpassing competing battery chemistries,[4-5] lithium-ion 
batteries are currently the most advanced battery technology. With outstanding 
performance, lithium-ion batteries have long dominated the portable electronics market. 
Scaling up lithium-ion batteries for larger-scale applications such as the electric vehicles, 
however, encounters numerous challenges. These challenges include energy/power 
densities, cost and safety.  
RFB such as vanadium redox-flow battery, on the other hand, has been an 
established platform for instantaneous large-scale energy storage.[6-7] Unlike lithium-ion 
batteries, which would potentially release an explosive amount of energy in an uncontrolled 
way from a thermal runaway, RFB are intrinsically safer. RFBs have separate power and 
energy storage units. This design will prevent an explosive release of energy even if the 
power units are shorted. Thermal management in RFB is also easier because of the flowing 
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liquid electrolytes. RFB offers great flexibility in safe operations by storing energy in liquid 
electrolytes with redox components. In principle RFB has an unlimited capacity and it can 
be “recharged” quickly by replacing the electrolyte. However, their main deficiencies are 
low energy density caused by the “dead weight” of the non-redox components in the 
electrolytes and low energy conversion efficiency.  
Solvent-free redox flow battery described in Chapter 3 is one approach to tackle the 
problem of low energy density in RFB. Recently, there are several works aiming to 
combine the advantage of the high energy density of lithium-ion battery with the great 
system flexibility of redox flow battery.[8-17] For instance, semi-solid flow cell (SSFC) and 
alkaline-ion cathode flow battery have been proposed. In SSFC, the energy storage 
materials are fluids of viscous slurries containing battery materials mixed with conducting 
additives and electrolyte;[8, 14-17] in  alkaline-ion cathode flow battery, redox species are 
dissolved in an electrolyte stored in separate energy reservoirs as the conventional RFBs.[9-
10, 18-19] These approaches, while interesting, have their respective difficulties. For example, 
the semi-solid slurries have poor electronic conductivities and, as such, a large amount of 
conducting additives has to be used to reduce the internal IR drop.  
In 2006, redox targeting of poorly conducting lithium-ion battery materials was 
proposed by Wang et al. to eliminate the need for carbon additives [20]; this approach opens 
up possibility of using battery materials in a disruptively different way for high-energy 
batteries. An active electrode material, in the presence of redox shuttle molecules, can be 
reversibly delithiated/lithiated via redox targeting reactions without being physically 
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attached to the current collectors. The diffusion of redox shuttle molecules in the electrolyte 
facilitates the transport of electrons between the active material and current collector. This 
operation mode can be seamlessly incorporated into RFB. The application of redox 
targeting to both cathodic reservoir and anodic reservoir would lead to a novel energy 
storage device — redox flow lithium-ion battery (RFLB). As shown in Figure 4 - 1, a 
typical RFLB contains three major components. The first component is an electrochemical 
cell, which comprises two electrodes separated by a Li+-conducting membrane. The 
electrode is made of high surface area materials, such carbon loaded with catalysts, to 
facilitate charge exchange with the redox shuttle molecules. The second component is the 
energy storage unit consisting of two reservoirs, where the active Li+-storage materials and 
redox electrolytes are stored. These two energy reservoirs are electrically connected with 
the electrochemical cell by circulating the redox electrolyte fluids. The third unit is the 
control system, which includes two pumps for circulating the redox electrolytes between 
the electrochemical cell and the energy reservoirs.  
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 The RFLB is different from the recent development in flow batteries in many 
important ways. First of all, that the capacity of RFLB is not determined by the dissolved 
redox species. Instead, the capacity is determined by the quantity of active materials stored 
in the reservoirs. The overall energy density will be much higher than flow batteries that 
store the energy in liquid electrolyte.[9-10] Secondly, unlike SSFC, the RFLB stores all the 
active electrode materials as interconnected particles immobile in the reservoirs. And these 
active electrode materials do not flow with the circulation of the electrolyte. Electron 
transfer between the active materials and electrodes relies on chemical 
lithiation/delithiation by redox molecules dissolved in the electrolytes in RFLB. Dissolving 
 
Figure 4 - 1. Schematic of a RFLB consisting of an electrochemical cell with the anodic 
and cathodic compartments separated by a Li+-conducting membrane, two energy 






a higher concentration of redox shuttle molecules, in theory, could significantly increase 
the power density. 
In this chapter, the concept of RFLB is demonstrated in a half-cell with LiFePO4 as 
the cathodic Li+-storage material and Li foil as the anode. With the assistance of ferrocene 
derivatives, LiFePO4 was charged and discharged successfully and cycling test was 
performed. Ex-situ and in-situ characterization results corroborate the reaction mechanism 
proposed.  Furthermore, the versatility of the concept of RFLB is proven by a functioning 
half-cell in which the ferrocene derivatives were substituted with lithium iodide. Finally, 
the possibility of substituting LiFePO4 with LiCoO2 to achieve a cell with higher voltage 
was investigated. 
4.2 Experimental Methods 
4.2.1 Materials 
Lithium iron(II) phosphate (LiFePO4), Lithium cobalt(III) oxide (LiCoO2), 1,1-
dibromoferrocene (FcBr2), ferrocene (Fc), lithium iodide (LiI), tris(2,2′-
bipyridine)ruthenium(II) hexafluorophosphate [Ru(bpy)3(PF6)2], tris(2,2′-
bipyridine)osmium(II) hexafluorophosphate [Os(bpy)3(PF6)2], nitrosonium 
tetrafluoroborate (NOBF4), lithium bis(trifluoromethane sulfonyl) imide (LiTFSI), 
tetraethylene glycol dimethyl ether (TEGDME), lithium perchlorate (LiClO4), ethanol 
(EtOH), gamma-Valerolactone (GVL) and lithium hydroxide (LiOH) are used as received 
from Sigma-Aldrich. Commercial electrolyte LP40 (1 M LiPF6, EC:DMC (1:1 by weight)) 
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was purchased from CHARSLTON TECHNOLOGIES PTE LTD. Nafion 212 membrane 
was purchased from DuPont. 
4.2.2 Sample preparation 
FePO4 powder was obtained by oxidizing LiFePO4 with excess amount of NOBF4, 
in the electrolyte under Ar atmosphere. The mixtures were stirred vigorously for 24 hours 
to ensure complete reaction. FePO4 powder was then separated from the solution by 
repeated centrifuging and rinsing in ethanol. The collected FePO4 powder was further dried 
at 120 °C in vacuum for 2 days. FcBr2+ solution was obtained by the oxidation of FcBr2 
using NOBF4. To study the process of chemical delithiation, 6.3 mg of LiFePO4 was added 
into 10 ml of 20 mM FcBr2+ solution and stirred vigorously for 20 minutes. The powder 
was then separated from the solution by repeated centrifuging and rinsing in ethanol. After 
drying at 120 °C in vacuum for 2 days, the powder was used for XRD and FTIR 
characterization. The same procedure was repeated for 1-hour reaction time. To study the 
process of chemical lithiation, 6.0 mg of FePO4 reacted with 10 ml of 20 mM Fc solution in 
a similar way. For UV-Vis characterization, chemical delithiation was studied by 
monitoring the absorbance change of FcBr2+ upon mixing 1 ml of 20 mM FcBr2+ solution 
with 0.6 mg of LiFePO4. The chemical lithiation process involved the reaction between 1 
ml of 20 mM Fc solution and 0.6 mg of FePO4. The quartz cuvette was sealed with Ar and 
a small magnetic stirrer was inserted in the cuvette to homogenize the suspension. 
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4.2.3 LiFePO4 pellet preparation 
LiFePO4 powder is cast into disc shape pellets by a hydraulic pump press with a 
force of 104 N for 1 minute. Each pellet (~ 60 mg) has a diameter of 1.0 cm and thickness 
around 0.50 mm. 
4.2.4 Material characterization 
Powder X-ray diffraction (XRD) measurements of LiFePO4 and FePO4 nano-
particles was carried out on a Bruker D8 using Cu Kα1 radiation (λ = 0.154059 nm). 
Absorption spectra were collected using a Shimadzu UV-vis-NIR spectrophotometer 
(Solidspec-3700). The IR spectra were obtained with a Varian 3100 FT-IR (EXCALIBUR 
Series) spectrometer. Morphology of the material was characterized with a field-emission 
scanning electron microscopy (FESEM, ZEISS, SUPRA 40). The particle size of LiFePO4 
was estimated using a laser scatterometer (Zetasizer Nano ZS, Malvern). Before the 
measurement, LiFePO4 powder was dispersed in a viscous paraffin oil (refractive index: 
1.475, dielectric constant: 2.2, viscosity: 1000 cP) to prevent fast sedimentation and stirred 
with a magnetic stirrer for 20 min. All experiments were conducted at room temperature.  
4.2.5 Electrochemical tests 
All the electrochemical tests were performed with an Autolab 
potentiostat/galvanostat controlled by the Nova 1.9 software package. The working 
electrode was either a platinum disc or glassy carbon disc. Both the reference and counter 
electrodes were Li foils. For the galvanostatic charge/discharge measurements, the 
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separator used was either lithiated Nafion membrane or  the solid–electrolyte separator.  
The solid electrolyte has a composition of Li1+x+yAlxTi2_xSiyP3-yO12 (OHARA Inc, LIC-GC, 
AG01, conductivity: 10-4 S·cm-1, thickness: 150 µm). All the cells were assembled in an 
argon-filled glove box. 
4.3 Results and Discussion 
4.3.1 LiFePO4 with 1,1'-dibromoferrocene (FcBr2) and ferrocene (Fc) 
The operation of a RFLB comprises two essential steps. In the first step, chemical 
delithiation/ lithiation of the active Li+-storage materials by the redox shuttle molecules 
takes place. And since this process is a fundamental step in the working principle of the 
RFLB, it would be the focus of this chapter. In the second step, the oxidized/reduced redox 
molecules are regenerated at the electrode, ready for delithiation/lithiation again. To 
demonstrate the concept of RFLB, LiFePO4 is used as the active Li+-storage material. 1,1'-
dibromoferrocene (FcBr2) and ferrocene (Fc) are chosen as the redox mediators.  
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 As shown by the cyclic voltammograms (CV) in  Figure 4 - 2, these two mediators 
have half-wave potentials (E1/2) of 3.55 and 3.25 V (vs. Li+/Li), respectively, straddling that 
of LiFePO4 (3.45 V) [21]. Therefore, reversible chemical delithiation/lithiation of LiFePO4 
by these two redox shuttle molecules is possible. Upon charging, FcBr2 will firstly be 
oxidized at the electrode. The oxidized species FcBr2+ will then flow to the surface of 
LiFePO4, either by convection or diffusion, and get reduced by hole injection into LiFePO4, 
releasing lithium ions from the lattice (Figure 4 - 3a): 
 
Figure 4 - 2. Cyclic voltammograms of the redox mediators 5 mM Fc and FcBr2, as well 






 FcBr2+ + LiFePO4  → FcBr2 + FePO4 + Li+              (4 - 1) 
The reduced redox shuttle molecule, FcBr2, will then move towards the electrode in 
the fluid and get oxidized. The aforementioned processes complete the charge half cycle. In 
the discharge half cycle, Fc is used to inject an electron into FePO4 (Figure 4 - 3b): 
Fc + FePO4 + Li+  →  Fc+ + LiFePO4                         (4 - 2) 
As a result, for the redox shuttle molecules to operate effectively over the whole 
charging/discharging process, the active electrode materials should have flat lithiation/ 
 
Figure 4 - 3. Schematic illustrations of the redox targeting process involving a) the 








delithiation potentials. Therefore, materials in which energy is stored through a first-order 
phase transition reaction are preferable,[22] such as LiFePO4 and Li4Ti5O12.  
Ex-situ XRD and FTIR measurements provide solid evidence of the structural 
changes of LiFePO4/FePO4 during the chemical delithiation/lithiation processes. In the 
presence of 20 mM FcBr2+, LiFePO4 was delithiated to FePO4 in the course of 60 minutes 
as shown in the lower halves of Figure 4 -4a and Figure 4 -4b. The reverse process, which 
is the lithiation of FePO4 by 20 mM Fc solution, is shown in the upper halves of both 
figures. In the 20-minute spectra, the coexistence of the two phases[23], LiFePO4 and FePO4, 
was observed. At the end of reaction, only single-phase samples were collected. The single-
phase samples at the end of reaction also imply the reaction was complete before 60 
minutes was reached. Their XRD and FTIR spectra are identical to pristine samples, 
proving that both the lithiation and delithiation processes are reversible.  
In the FTIR spectra (Figure 4-4b), bond energy changes in the olivine structure 
could be observed, which include the bending modes of FeO6 (580, 551 cm-1 vs. 575, 532 
cm-1), the vibrations (637, 649 cm-1 vs. 656, 683 cm-1), and antisymmetric stretching modes 
(970-1200 cm-1) of PO4.[24] In addition, extra peak appears at 1234 cm-1 is related to the 
vibration modes of terminal PO3 units in the delithiated phase FePO4.[25]  
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 In-situ UV-Vis measurement, besides showing the changes in the concentration of 
redox molecules, provides an estimate of the rate of the delithiation/lithiation process of 
LiFePO4/FePO4. Both redox couples were orange in the reduced state and dark blue in the 
 
Figure 4 - 4. a) Powder XRD patterns and b) FTIR spectra of pristine LiFePO4 (blue) 
and FePO4 (red), and those after 20 min (purple) and 60 min (red) chemical delithiation 
(lower halves) and lithiation (upper halves) in the presence of 20 mM FcBr2+ and Fc, 
respectively. The coexistence of LiFePO4 and FePO4 in the 20-minute samples is 








oxidized state when they were dissolved in electrolyte. The absorption peaks of FcBr2+ and 
Fc+ in the red region (710 and 616 nm) accounts for the dark blue color. And the absorption 
peaks of FcBr2 and Fc in the blue region (~440 nm) account for the orange color.[26] As 
shown in Figure 4 – 5a, the concentration of FcBr2+ drops while that of FcBr2 rises upon 
mixing LiFePO4. This is the delithiation process described in Equation 4 - 1. Similarly, in 
Figure 4 – 5b, the concentration of Fc drops while that of Fc+ rises upon mixing FePO4. 
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 The isosbestic points in Figure 4 – 5a indicates that all the FcBr2+ reduced was 
converted to FcBr2 and no side reaction occurred. The similar phenomenon can be observed 
in Figure 4 – 5b. The initial drop in concentration of FcBr2+ and Fc suggest reaction rate 
was fast at the start of reaction for both cases. At this stage, smaller particles and surface 
 
Figure 4 - 5. Time-dependent UV-Vis absorption spectra recorded after different time 
durations. a) 20 mM FcBr2+ in 1 ml electrolyte solution reacting with 0.63 mg LiFePO4 
for chemical delithiation; and b) 20 mM Fc in 1 ml electrolyte solution reacting with 
0.60 mg of FePO4 for chemical lithiation. The insets show the optical density (OD) 
changes of FcBr2+ at 710 nm and of Fc+ at 616 nm with time. The electrolyte solution 







layer of large particles reacted first.[27] Slower reaction rate observed towards the end of 
reaction was likely to be limited by Li+ diffusion in the particles.[21, 28] The effective 
diffusion constant of Li+ in LiFePO4 is reported to be 10-14-10-13 cm2 s-1. A rough estimate 
of the effective diffusion constant of Li+ in LiFePO4 can be calculated from Equation 4 - 3. 
𝐷𝐿𝑖+ =  𝐿22𝜏    (4 - 3) 
where L is the distance for Li+ transport in the solid, which approximately is the radius of 
the particles.  The SEM image (Figure 4 - 6) and laser scattering measurement (Figure 4 - 
8) show that the size of LiFePO4 particles range from 10 nm to 500 nm. τ is the time 
constant for Li+ transport (60 min for the largest particles). So 𝐷𝐿𝑖+ is calculated to be 10
-
14-10-13 cm2 s-1, in good agreement with the reported values. [29-31] The amount of FcBr2+ 
and Fc consumed in the reactions are 22% and 28% respectively, estimated in terms of their 
ΔOD (change in optical density). These values are roughly consistent with the amount of 










Figure 4 - 7. Particle size distribution of LiFePO4 obtained from laser scattering 
measurement. The powder of LiFePO4 was dispersed and stirred in paraffin oil to 
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The reaction mechanism between LiFePO4 and the ferrocene derivatives was 
validated by the characterization results. In this proof-of-concept study, a RFLB glass half-
cell was built, in which the cathodic reservoirs contains 6.30 mg LiFePO4 powder (40 mM 
effective concentration) and 20 mM Fc and FcBr2 dissolved in 1 ml electrolyte solution. 
The charge/discharge profiles in Figure 4 - 8b (red) show that, in the absence of both pairs 
of redox shuttle molecules, the capacity of the cell was nearly zero. This is because electron 
transfer between the LiFePO4 powder in the reservoir and the electrode in the cathodic 





Figure 4 - 8. Charge/discharge profiles of a RFLB half-cell containing a) 20 mM 
FcBr2/Fc (blue dash) and 20 mM FcBr2/6.30 mg LiFePO4 (red dotted) in the 
electrolyte; and b) 6.30 mg LiFePO4 with (black solid) and without 20 mM FcBr2/Fc 
(green) in the electrolyte. The above Li+-storage material and redox molecules were 
contained in a vial separated from a carbon cloth electrode in the cathodic 
compartment. The counter electrode was a lithium foil in the anodic compartment. The 
two compartments were separated by a 0.50 cm2 Ohara Li+-conducting glass ceramic 
(~800 Ω). The current density was 0.40 mAcm-2 for both charge and discharge. The 











With the addition of FcBr2, the half-cell has a long charge plateau in the 1st charging 
half cycle (Figure 4 - 8a), during which the LiFePO4 stored in the cathodic reservoir was 
converted to FePO4 (reaction 1). The charged product, FePO4, remains inert in the 
subsequent cycles because it could not be reduced by any redox species in the cell. 
Therefore, only the capacity of FcBr2 could be observed in the 2nd cycle. In Figure 4 - 8b, a 
much larger capacity was observed after adding both redox molecules with LiFePO4. In the 
charge half cycle, Fc was oxidized to Fc+ at the electrode (step I, Figure 4 - 8b), followed 
by the oxidation of FcBr2 (step II, Figure 4 - 8b). Step b can be attributed to the oxidation 
of FcBr2 to FcBr2+ at the electrode and the subsequent regeneration of FcBr2 due to the 
delithiation reaction between FcBr2+ and LiFePO4 (reaction 1) in the cathodic reservoir. 
The cell kept charging until all LiFePO4 was consumed. In the discharge half cycle, FcBr2+ 
was reduced to FcBr2 (step III, Figure 4 - 8b), followed by the reduction of Fc+ (step IV, 
Figure 4 - 8b). In step d, Fc was regenerated by the lithiation between Fc and FePO4 
(reaction 2) in the cathodic reservoir. Assuming that all the redox molecules participated in 
the reaction and specific capacity of LiFePO4 is 160 mAhg-1, it is estimated that more than 
70% of LiFePO4 was reversibly charged/discharged.  
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 Cycling tests (Figure 4 - 9) was carried out in a stack half-cell, the setup of which is 
described in Section 2.4.1. In 3 ml catholyte, 20 mM FcBr2/Fc was dissolved. A LiFePO4 
pellet with a mass of 70 mg (150 mM effective concentration) is placed in the cathodic 
reservoir. The pellet form of LiFePO4, instead of powder, is used because LiFePO4 powder 
tends to clog up the porous carbon felt electrode. The cycling test shows that the RFLB 
retains more than 50% of theoretical capacity at the end of 15 cycles and the coulombic 
efficiency is above 90% on average. The capacity retention is relatively low, probably 
because the inner core of the LiFePO4 pellets is not accessible to electrolyte and redox 
molecules compared to the power samples used in the previous test. Since no binder is 
 
Figure 4 - 9. Coulombic efficiency and capacity retention of RFLB for 15 cycles. The 






added to the pellets, the pellets disintegrate into small pieces. As a result, more LiFePO4 
can be accessed by the redox molecules through the newly exposed surface. This might be 
the reason the marginal increase of capacity in the last few cycles. Optimization of the 
pellet pore size and better design of electrolyte flow could ensure more active material 
involved in the reaction. 
A complete RFLB with TiO2 as the anodic Li+-storage material has been 
constructed.[32] But the focus of this study is on the cathodic part of the RFLB, details of 
complete RFLB would not be elaborated here. 
The energy density of the RFLB is expected to be 10 times higher than state-of the-
art all-vanadium RFB. This estimation is calculated based on the assumption that the active 
materials in the reservoirs have porosity of 50%. Having 50% porosity, the active materials 
would be dense enough to have reasonably high energy density. At the same time, the pores 
would facilitate the flow of electrolyte through the active materials.  The voltage efficiency 
of the stack half-cell is around 90%. The 10% loss in voltage during discharge can be 
attributed to the redox potential difference of the FcBr2 and Fc redox couples.  
There are two major challenges that need to be tackled in RFLB. Firstly, the 
electrochemical robustness of the redox shuttle molecules needs to be improved. It is 
estimated the turnover number for individual ferrocene molecule (20 mM) would reach 
5.7×105 in a RFLB with LiFePO4 as active material cycling 1000 times. A higher 
concentration of the redox species would alleviate this problem and provide better rate 
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capability of the system. A higher power output can be reached if the conductivity of the 
Li+-conducting membrane is not limiting the current, which is the second challenge. The 
LIC-GC glass ceramic currently used suffers from low Li+ conductivity and poor chemical 
and mechanical stability, resulting in huge over-potential loss and short cycle life. Other 
lithium superionic conductors[33] and Li+-conducting polymeric membrane[34]  are potential 
solution to this problem. [35] 
4.3.2 LiFePO4 with Lithium iodide (LiI) 
To study the versatile nature of the RFLB, I-/I3- is chosen to replace the roles of Fc 
and FcBr2 as redox shuttle molecules to lithiate/delithiate LiFePO4. The I-/I3- couple is a 
popular choice in various redox applications, including dye-sensitized solar cell[36] and 
lithium air battery[37] because it is very stable even in air. The only drawback of I-/I3- couple 
is its corrosive nature. Successful lithiation of FePO4 by I- has been reported by Kuss et. 
al.[38] CV of LiI in LP40 (Figure 4 - 10) shows that the I-/I3- couple has a half-wave 
potential at around 3.15 V against lithium. Another redox reaction of iodine is registered at 
higher potential (around 3.70 V), which corresponds to the formation of polyiodides and, 
eventually, iodine.[39] These two redox potentials straddle that of LiFePO4 (3.45 V). 
Therefore, LiI provides an elegant solution to the problem of using one redox shuttle 
molecule to charge and discharge LiFePO4. Theoretically, we can use a redox shuttle 
molecule with exact redox potential as LiFePO4 to charge and discharge it. According to 
the Nernst’s equation, the equilibrium potential of the redox molecule will shift as the 
concentrations of the oxidized and reduced species shift, but the driving force provided by 
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the shift in potential is rather limited. With LiI, the driving force will be sufficiently large 
for fast reaction kinetics. In the cathodic reservoir, the charging process is given by 
Equations 4-4 and 4-5; the discharging process is given by Equations 4-6 and 4-7. 
On electrode:  2𝐼3− − 2𝑒−  →  3𝐼2    (4 - 4) 
In reservoir:  3𝐼2 + 2𝐿𝑖𝐹𝑒𝑃𝑂4  →  2𝐼3− + 2𝐹𝑒𝑃𝑂4 + 2𝐿𝑖+  (4 - 5) 
On electrode:   𝐼3−  → 3𝐼− − 2𝑒−       (4 - 6) 
In reservoir:  3𝐼− + 2𝐹𝑒𝑃𝑂4 +  2𝐿𝑖+ →  𝐼3− + 2𝐿𝑖𝐹𝑒𝑃𝑂4 (4 - 7) 
Spontaneous reaction in the reservoir:  
𝑚𝐼2 + 𝑛𝐼−  ↔  𝐼2𝑚+𝑛𝑛−   (m and n integers > 0, n = 1- 4)    (4 - 8) 
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 The charge and discharge test (Figure 4 - 11) in the glass half-cell proves that 
LiFePO4 can be successfully lithiated and delithiated by LiI. With LiI alone, two charge 
(around 3.30 V and 3.80 V) and discharge (2.90 V and 3.50 V) plateaus can be observed. 
The lower plateaus correspond to the redox reaction of the I-/I3- couple and theoretically it 
should be twice as long as that of the I3-/I2 couple. The capacity of the RFLB half-cell is 
limited without LiFePO4. Once LiFePO4 is added to the same half-cell, the charging plateau 
at higher potential is much extended. This phenomenon is similar to the reaction between 
 
Figure 4 - 10. CV of redox shuttle molecule LiI, as well as the cathodic Li+-storage 
material LiFePO4. The working electrode is platinum disc and the counter and reference 






FcBr2 and LiFePO4. According to Figure 4 – 11, about 20% of LiFePO4 was involved in 
the charge and discharge of the cell. Since reduction of FePO4 by I- is reasonably fast[40] 
and the coulombic efficiency of both cycles are above 90%, sluggish reaction rate of 
delitiation is a possible reason for the low utilization of LiFePO4.   More investigation for 
better compatibility of redox molecules and electrolyte needs to be done. Nevertheless, the 
results of RFLB with LiFePO4 and LiI prove that interchangeable redox shuttle molecules 
can work with the same active Li+-storage material. It is possible for us to improve on 
molecules selection with desirable traits in mind, such as matching redox potentials, high 
solubility and robust redox chemistry. It might be even possible for us to find a single 
molecule that can lithiate/delithiate both the cathodic and anodic active Li+-storage 




 4.3.3 LiCoO2 with tris(2,2′-bipyridine)ruthenium(II) hexafluorophosphate 
(Ru(bpy)3(PF6)2) and tris(2,2′-bipyridine)osmium(II) (Os(bpy)3(PF6)2) 
To further improve the energy density of RFLB, we move beyond LiFePO4 to some 
other active Li+-storage materials with higher redox potentials. Among the candidates 
 
Figure 4 - 11. Charge/discharge profiles of a RFLB half-cell containing a) 10 mM LiI 
(purple dash-dot) and b) 6.4 mg LiFePO4 (20 mM effective concentration) and 10 mM 
LiI (cyan dash)  in 2 ml electrolyte in the glass half-cell. The two compartments were 
separated by a 0.64 cm2 Ohara Li+-conducting glass ceramic (~800 Ω). The current 
density was 0.078 mAcm-2 for both charge and discharge. The electrolyte was LP 40 in 








LiCoO2 is chosen because it is commercially available and well reported. LiCoO2 has three 
sets of current peaks. [41-42] The main one appears at 3.90 V against lithium. Two other 
reversible high voltage couples are observed at 4.07 and 4.16 V. LiCoO2 has a practical 
capacity of 140 mAh g-1 when it is half delithiated. Overcharging LiCoO2 beyond 4.2 V 
will result in irreversible loss of capacity due to collapse of the crystalline structure. If we 
can find redox molecules which can limit the charge potential, the overcharge problem can 
be avoided and cycle life of LiCoO2 can be improved. 
Ru(bpy)3(PF6)2 and Os(bpy)3(PF6)2 are two redox couples which have the right 
potential to charge and discharge LiCoO2 according to CV results (Figure 4 - 12). 
Ru(bpy)3(PF6)2 has a half-wave potential at around 4.10 V against lithium in LP40. The 
half-wave potential of Os(bpy)3(PF6)2  is around 3.68 V. These two redox couples seem to 
be suitable for the delithiation and lithiation of LiCoO2. In the cathodic reservoir, the 
charging process is given by Equations 4-9 and 4-10; the discharging process is given by 
Equations 4-11 and 4-12. 
On electrode:  𝑅𝑢(𝑏𝑝𝑦)32+ − 𝑒−  →  𝑅𝑢(𝑏𝑝𝑦)33+    (4 - 9) 
In reservoir:  
𝑥𝑅𝑢(𝑏𝑝𝑦)33+ + 𝐿𝑖𝐶𝑜𝑂2  →  𝑥𝑅𝑢(𝑏𝑝𝑦)32+ + 𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝑥𝐿𝑖+   (4 - 10) 




𝑥𝑂𝑠(𝑏𝑝𝑦)32+ + 𝐿𝑖1−𝑥𝐶𝑜𝑂2 +  𝑥𝐿𝑖+ →  𝑥𝑂𝑠(𝑏𝑝𝑦)33+ + 𝐿𝑖𝐶𝑜𝑂2  (4 - 12) 
 
These two molecules are charged and discharged in the RFLB half-cell (Figure 4 - 
13) to check whether they can be reversibly oxidized and reduced in LP40. Setting the 
cutoff voltages between 3.1 and 4.1 V, the Os(bpy)3(PF6)2 species can be charged and 
 
Figure 4 - 12. Cyclic voltammograms of redox shuttle molecules Ru(bpy)3(PF6)2 and 
Os(bpy)3(PF6)2 at a scan rate of 0.1 V s-1. Fc was added as internal reference (3.25 V 
against lithium). The working electrode is glassy carbon and the counter and reference 





discharged with close to 100% coulombic efficiency. Ru(bpy)3(PF6)2 could not be oxidized 
until the potential is set higher than 4.1 V. Using the same electrolyte, the upper cutoff 
voltage was then raised to 4.3 V to charge the Ru(bpy)3(PF6)2  molecule. However, setting 
the upper cutoff voltage to 4.3 V, the charge capacity exceeds the sum of the theoretical 
capacities of these two redox molecules.  Particularly, the higher plateau should correspond 
to the oxidation of Ru(bpy)3(PF6)2 but it is much extended. Moreover, during discharge, 
there is little capacity from these two molecules. Both of these signs indicate that there are 
some side reactions involved. 
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 At first it was suspected that both molecules decomposed at high voltage, which 
could explain the lack of discharge capacity. However, CV tests using the electrolyte after 
cycling (not shown here) indicate that both molecules are still active. Another possible 
explanation is that the oxidized Ru(bpy)3(PF6)2 species catalyzes the decomposition of 
 
Figure 4 - 13. Charge/discharge profiles of a RFLB half-cell containing 20 mM 
Ru(bpy)3(PF6)2 and Os(bpy)3(PF6)2  in 3 ml electrolyte with upper cutoff at a) 4.1 V 
(red dash-dot) and b) 4.3 V (green dash). The counter electrode was a lithium foil in 
the anodic compartment. The two compartments were separated by a 4.0 cm2 lithiated 
Nafion membrane. The catholyte was circulated by a peristaltic pump. The current 







electrolytes. The oxidized Ru(bpy)3(PF6)2 could oxidize the solvent (EC:DMC, 1:1 by 
weight) in LP40, whose rate of decomposition on carbon electrode might be very small 
otherwise. The oxidized Ru(bpy)3(PF6)2  would continue to breakdown the solvents during 
discharge so the plateau of Ru(bpy)3(PF6)2 was shorter than expected. At the same the time, 
the decomposition products might reduce the oxidized Os(bpy)3(PF6)2. Therefore, the 
discharge capacity is very limited despite the fact that both redox species are still active in 
the electrolyte. 
To prove this theory, another electrolyte, 1 M LiTFSI/gamma-valerolactone (GVL) 
was used to replace LP40. GVL has a much higher oxidation potential than either EC or 
DMC.[43] Therefore, it has a higher chance of withstanding the oxidation by the oxidized 
Ru(bpy)3(PF6)2 species. The CV of Ru(bpy)3(PF6)2 in 1 M LiTFSI/ GVL (Figure 4 – 14a) 
show that the background current starts to rise at around 4.7 V against lithium. Therefore, it 
should be safe to charge the cell to a higher potential. Another interesting fact is that the 
half wave potential of both redox molecules [Fc and Ru(bpy)3(PF6)2] shifts up by 200 mV 
compared to that in LP40. Cycling of LiCoO2 in 1 M LiTFSI/ GVL (Figure 4 – 14b) 






Figure 4 - 14. a) Cyclic voltammograms of redox shuttle molecule Ru(bpy)3(PF6)2 and 
Fc. The working electrode is glassy carbon disc electrode and the counter and reference 
electrodes are lithium foil. The electrolyte is 1 M LiTFSI/ GVL. b) Cycling 








Charge/discharge of Ru(bpy)3(PF6)2 in 1 M LiTFSI/ GVL in the glass cell (Figure 4 
- 15a) shows almost 100% coulombic efficiency for the first 2 cycles. Therefore, the 
oxidized Ru(bpy)3(PF6)2 species seem to be stable in this electrolyte. This confirms the 
hypothesis that LP40 decomposition is catalysed by the oxidized Ru(bpy)3(PF6)2 species. 
The anodic half-cell still uses LP40 as electrolyte because LP40 can form a dense solid 
electrolyte interface (SEI) layer on the lithium metal surface effectively. Adding LiCoO2 
extends the charge half-cycle as predicted (Figure 4 - 15b). About 23% of LiCoO2 reacted 
in the first charge half-cycle. The oxidized Ru(bpy)3(PF6)2 species continues to react with 
the remaining unreacted LiCoO2 during discharge. Therefore, the discharged capacity of 




Figure 4 - 15. Charge/discharge profiles of a RFLB half-cell containing 10 mM 
Ru(bpy)3(PF6)2 in 1 ml electrolyte a) without LiCoO2 (brown dash-dot), b) with 5.0 mg 
LiCoO2 (black solid, 26 mM effective concentration) and c) with 13.0 mg LiCoO2 
(green dash, 66 mM effective concentration). The counter electrode was a lithium foil 
in the anodic compartment. The two compartments were separated by a 0.64 cm2 Ohara 
Li+-conducting glass ceramic (~800 Ω). The current density was 0.16 mA cm-2 for both 
charge and discharge. The electrolytes were LP 40 in the anodic compartment and 1 M 








Adding both redox molecules in the catholyte, we can charge and discharge LiCoO2 
in the glass cell (Figure 4 – 15c). The charge and discharge capacity of LiCoO2 was around 
25 and 17% of the theoretical capacity respectively. The incomplete charging of LiCoO2 by 
Ru(bpy)3(PF6)2 could be explained by the fact that the charging potential of LiCoO2 
undergo an upward slope from 4.0 V to 4.3 V. This means the driving force provided by the 
oxidized Ru(bpy)3(PF6)2 species was diminishing. Similarly for the discharge process, the 
driving force provided by the Os(bpy)3(PF6)2 species decreased as LiCoO2 was lithiated. 
Therefore, the coulombic efficiency is only 68%. Charging LiCoO2 with other redox 
couples with larger driving force and using a smaller cycling current density, which allows 
more time for reaction, might improve the results.  
 
4.4 Summary 
Three different RFLB half cells are developed based on the redox targeting 
mechanism. Coupled with Fc and FcBr2, LiFePO4 could be charged and discharged in the 
RFLB stack half- cell with more than 90% coulombic efficiency for 15 cycles. The 
utilization percentage is only around 50%, which needs to be further improved. 
Fc and FcBr2 were later replaced by a single species, LiI, as the redox molecules. 
However, only 20% of LiFePO4 was utilized in the cycling of the half-cell, probably due to 
slow kinetics of the reaction between the I3- species and LiFePO4.   
91 
 
In the hope of achieving a high voltage output and large capacity, LiCoO2 was 
studied as the active material with Ru(bpy)3(PF6)2 and Os(bpy)3(PF6)2 as  redox molecules. 
Only 20% of the capacity from LiCoO2 could be extracted due to diminishing driving force 
as a result of the sloping voltage profile of LiCoO2. 
Besides high energy density and low cost, consumer market would demand high 
power output from energy storage device. The maximal power output of RFLB depends on 
the peak currents, which in turn depends on the rate limiting step in the operation of the 
cell. The rate limiting step might be determined by any one of the chemical or 
electrochemical reactions involved. Chemical reaction between the redox species and the 
active materials is a fundamental step in the operation of RFLB. Chemical 
lithiation/delithiation is a fundamental mechanism in the working of RFLB. If chemical 
lithiation/delithiation kinetics is slow, it will limit the rate capability of RFLB. Therefore, a 
method of measuring the reaction kinetics between redox species and active materials is 
essential for improving the rate capability of RFLB. From the few systems described 
earlier, the reaction between LiFePO4 and FcBr2/Fc seem to be fast enough while that 
between LiCoO2 and Ru(bpy)3(PF6)2/Os(bpy)3(PF6)2 is not quite satisfactory. It would save 
a lot of time and resources if the reaction rates can be determined before assembling a flow 
cell with new materials and redox species. More importantly, the next chapter introduces a 
simple protocol for quantitative measurement the reaction kinetics between redox species 
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Chapter 5. Kinetics Study of Reactions between 
LiFePO4/FePO4 and Redox Species 
5.1 Introduction 
In the previous chapter, RFLB (Figure 4 - 1) is shown to have the potential of 
significantly enhancing the energy density of flow battery. Besides having a high energy 
density, a viable energy storage system must have high power density. Therefore, it is 
worthwhile to investigate the power output of this new system. The peak power output of 
RFLB depends on many factors, such as the concentration of the redox species, electrolyte 
flow rate, ionic conductivity of the ion selective membrane, the reaction kinetics of the 
redox molecules on the electrodes, diffusion coefficients of the redox species, diffusion of 
Li+ ion in the active materials and the reaction rate between the redox molecules and the 
active materials.  
The most important reaction mechanism of RFLB is the chemical 
lithiation/delithiation of the active Li+-storage material by the redox molecules. This step 
enables the transfer of electron between the electrodes and the active materials.[2] If this 
step is slow, it could potentially be the rate limiting process in the whole system and has a 
negative impact on the maximal power output. The rate of chemical lithiation/delithiation 
will be affected by the combined effects of two processes, which are, Li+ diffusion in the 
active material and electron transfer between the redox molecules and the active materials. 
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Since in the proof of concept study LiFePO4 was chosen as the active material, its 
interaction with FcBr2 and Fc will be the focus of this chapter.  
The process of Li+ diffusion in LiFePO4 is well studied but there is a dearth of 
relevant data on the electron transfer rate between the redox species and LiFePO4. Many 
models have been proposed to explain the diffusion of Li+ ion with the accompanying 
phase change in olivine LiFePO4 and heterosite FePO4, for example, the core-shell 
model,[3] the shrinking-core model[4] and the domino-cascade model.[5]  These models were 
built on the assumption of the first-order two phase transition between olivine LiFePO4 and 
heterosite FePO4. More recent models suggest the existence of single phase metastable 
solid solution phase [6-8] in small particles under large over-potential. The reported effective 
diffusion coefficient of Li+ in LiFePO4 varies across a wide range, from 10-18 to 10-9.[5, 9-25]  
Most of the experiments focused on Li+ diffusion coefficient in LiFePO4 obtained 
by the electrochemical charge/discharge, simulating the process in commercial lithium-ion 
battery. These data shed no light on the reaction rate between the redox species and 
LiFePO4 during chemical lithiation/delithiation. Kuss et al. contributed a few studies [23-25] 
in recent years investigating Li+ diffusion coefficient in LiFePO4 using the chemical 
lithiation/delithiation method. However, the focus of these studies is still on the Li+ 
diffusion in LiFePO4 but not the interaction between the redox species and LiFePO4. In 
addition, the redox agents were used in large excess compared to LiFePO4 in these studies 
so that the amount of LiFePO4 reacted can be easily quantified; moreover, redox agents 
with over-potential more than 400 mV were chosen to ensure fast reaction. Both features 
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just described make the results not helpful in understanding the actual process in RFLB. In 
RFLB, the active materials should be in large excess and the over-potential should be much 
less to achieve higher energy efficiency. To simulate the actual chemical 
lithiation/delithiation of LiFePO4 in RFLB device, an electrochemical method of 
determining the reaction rate between LiFePO4 particles and four redox species is 
introduced here. This electrochemical method aims to isolate the electron transfer step from 
the complicated system. Furthermore, it establishes a practical protocol of matching redox 
species with active materials. 
The device fabricated to determine the rate of reaction was prepared by screen 
printing a porous layer of spacer (Al2O3) and a porous layer of active material (LiFePO4) on 
FTO sequentially. A potential step amperometry was performed with the fabricated device 
as working electrode, platinum wire as the counter electrode, Ag+/Ag as the reference 
electrode and 0.1 M LiClO4/propylene carbonate (PC) as electrolyte. The potential step 
applied on the FTO surface either oxidizes or reduces the redox species to react with the 
active material. This is a simulation of the process of regeneration of redox species on the 
electrodes in RFLB and the subsequent reaction with active material. The potential step on 
the FTO surface was set sufficiently large so that all the redox species nearest to the FTO 
surface can be assumed to be completely oxidized or reduced, depending on the direction of 
the potential step. The movement of the redox molecules is by diffusion only so that 
complication of convection is avoided. Therefore, the model to calculate the reaction rate 
could be simplified.  
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Using a simple potential step amperometry model (Figure 5 - 1), we can deduce the 
diffusion length of redox species inside the active material layer. In this model, the redox 
species undergoes a 3-step mechanism. Taking the chemical delithiation of LiFePO4 as 
example, in the first step, the reduced form of the redox species diffuses towards the 
electrode surface and gets oxidized. In the second step, the oxidized redox molecule 
diffuses across the spacer layer into the active material layer. In the last step, the oxidized 
redox molecule, accepting an electron, is reduced by the active material. If the reaction rate 
is fast enough, and the active material layer is thick enough, a steady state will be reached 
in a short period and it would be reflected in the measured current. This is an indirect 
method because the reaction rate is estimated from the diffusion length of different 
molecules in the active material layer.  
 







In the case where the LiFePO4 film is oxidized by the redox couple, which means 
the redox couple has a formal potential more positive than LiFePO4, and only the reduced 
form of the redox couple is initially present in solution, the steady-state continuity 

























 −  𝑘𝐶𝑜𝐵(𝑥) = 0  (5 - 4)  
where 𝐶𝑖
𝑗(𝑥) and 𝐷𝑖𝑗 are the concentrations and diffusion coefficients of species 𝑖 in region 
𝑗 respectively,  and 𝑘 is the rate constant for the reaction of the oxidized redox couple with 
the LiFePO4 film. The same equations can be applied if the redox-active film is reduced by 
the redox couple by substituting “r” for “o” and vice versa. 
With sufficient time and if the electrode potential is sufficiently more positive than the 
formal potential of the redox couple, the concentration of the reduced species at the 





𝐴(0) = 0    (5 - 5) 
The other boundary conditions stipulate equal but opposite fluxes of reduced and 







= −𝐷𝑜𝐴 𝛿𝐶𝑜𝐴(𝑥)𝛿𝑥 �𝑥=0 (5 - 6)  














= 𝐷𝑜𝐵 𝛿𝐶𝑜𝐵(𝑥)𝛿𝑥 �𝑥=𝑠 (5 - 8)  
and concentrations of reduced and oxidized species far from the electrode surface equal to 
their initial concentrations  
𝐶𝑟
𝐵(∞) =  𝐶𝑟∗     (5 - 9) 
where 𝐶𝑟∗  is the initial concentration of the reduced half of the mediator. 
The diffusion coefficients of the redox species are assumed to be the same in the 
pores of spacer layer and active material layer. Solution of equations 5-1 to 5-4 with the 








   (5 - 10) 
where 𝑙𝑜 is diffusion length of the oxidized species (FcBr2+ in this case), 𝐷𝑟 is the diffusion 
coefficient of oxidized species, 𝐹 is the Faraday constant, and 𝑠  is the thickness of non-
conducting spacer (Al2O3 in this case).  
The diffusion length of the oxidized species 𝑙o  is related to 𝑘  as expressed in 
Equation 5-11 
𝑙o = �𝐷o𝑘    (5 - 11) 
It is assumed that both the active materials and lithium ions in the electrolyte are in 
excess so the expressions could be reduced to a pseudo first order reaction. It was estimated 
that the amount consumed by the redox molecules for 1000 s is only 2% of the total amount 
of the active material particles. Since this experiment is done in a stationary setup, the 
effect of convection is not considered here. With convection, the peak reaction rate constant 
is expected to be higher. 
The reaction between FcBr2+ and LiFePO4 is described by Equation 5-12: 
𝐹𝑐𝐵𝑟2
+ + 𝐿𝑖𝐹𝑒𝑃𝑂4   →   𝐹𝑐𝐵𝑟2 + 𝐹𝑒𝑃𝑂4 + 𝐿𝑖+  (5 - 12) 
Therefore, the reaction rate 𝑟𝑂 can be expressed as in Equation 5-12: 
𝑟𝑜 = 𝑘𝑜 [𝐹𝑐𝐵𝑟2+][𝐿𝑖𝐹𝑒𝑃𝑂4]     (5 - 13) 
Since [LiFePO4] is a constant, Equation 5-13 can be rewritten as: 
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 𝑟𝑜 = 𝑘𝑜′  [𝐹𝑐𝐵𝑟2+]       (5 - 14) 
Similarly, the reaction between Fc and FePO4 is described by Equation 5-15: 
𝐹𝑐 + 𝐹𝑒𝑃𝑂4 + 𝐿𝑖+ → 𝐹𝑐+ + 𝐿𝑖𝐹𝑒𝑃𝑂4    (5 - 15) 
Therefore, the reaction rate 𝑟𝑅 can be expressed as in Equation 5-16: 
𝑟𝑟 = 𝑘𝑟 [𝐹𝑐][𝐿𝑖+][𝐿𝑖𝐹𝑒𝑃𝑂4]      (5 - 16) 
where [Li+] is the concentration of lithium ion in the solution. 
Since [LiFePO4] and [Li+] are constant, Equation 5-16 can be rewritten as: 
 𝑟𝑟 = 𝑘𝑟′  [𝐹𝑐]        (5 - 17) 
5.2 Experimental Methods 
5.2.1 Chemical Reagents: 
Ferrocene (Fe(C5H5)2, Fc, 98%), 1,1’-Dibromoferrocene (Fe(C5H4Br)2, FcBr2, 
97%), Ferrocenium hexafluorophosphate (Fe(C5H5)2PF6, Fc+, 97%), lithium perchlorate 
(LiClO4, 99.99%), propylene carbonate (PC, C4H6O3, 99.7%), lithium iron phosphate 
(LiFePO4, davg = 200 nm), acetonitrile (ACN, MeCN, dried and distilled, >99%), 1-Methyl-
2-pyrrolidinone (C5H9NO, anhydrous, 99.5%), Polyvinylidene fluoride (-(C2H2F2)n-) and 




5.2.2 Electrode Preparation 
A layer of aluminium oxide (Al2O3) spacer layer (thickness ~3 µm) followed by a 
layer of active material (thickness 10 – 120 µm) was deposited on fluorine doped tin oxide 
(FTO, Pilkington TEC-15) glass by screen printing and doctor blading. The Al2O3 paste 
consists of Al2O3 powder and an ethyl cellulose binder in α-terpinol. FTO was sonicated 
sequentially in 5% Decon 90 solution, distilled water, and ethanol for 15 min each. The 
Al2O3 paste was screen printed on cleaned FTO and dried at 120°C. The process was 
repeated until the spacer layer is 3 μm thick. The Al2O3 films were annealed in air with a 
programmable heating process: at 110°C for 30 min, 125°C for 15 min, 325°C for 5 min, 
375°C for 5 min, 450°C for 15 min, and 500°C for 15 min. The Al2O3 electrodes were 
cooled to room temperature and then a layer of active material was deposited on the 
Al2O3 film by doctor blading. The thickness of the active material could be controlled by 
adjusting the number of layers of Kapton tapes on both sides of the film during doctor 
blading. The layer of active material was then dried at 105°C for 24 hours under vacuum. 
The electrode has an effective area of 1 cm × 1 cm. 
The Al2O3 paste for screen printing was prepared by mixing 6 gram of 
Al2O3 nanoparticles into the mixture of DI water, acetic acid, and anhydrous ethanol. Then 
the mixture was kept stirring for 24 h and sonicated for 5 min. Furthermore, the solution 
was sonicated 5 min followed by the addition of α-terpineol and again sonicated for 5 min 
after adding ethyl cellulose. Then, 25.96 g of α-terpineol and the mixture solution of two 
viscosities of ethyl cellulose (10 cP-1.8 g and 45 cP-1.4 g) in anhydrous ethanol (29 g) were 
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added into the above solution, followed by repeated sonication for three times. The above 
solution was evaporated using the rotary evaporator at 40°C until to obtain a viscous paste. 
Finally, the paste was rolled using three-roller miller. 
The pastes of the active materials are prepared by dispersing 90 wt% of active 
materials and 10 wt% polyvinylidene difluoride (PVDF) in N-Methyl-2-
pyrrolidone (NMP). The mixture was stirred for 24 hours to homogenize the solution and 
evaporate the extra solvent until a thick paste is obtained. 
5.2.3 Sample Preparation 
LiFePO4/FePO4 (1:1 by weight) powder was obtained by oxidizing LiFePO4 with 
stoichiometric amount of NOBF4 in ACN under Ar atmosphere. The mixtures were stirred 
vigorously for 24 hours to ensure complete reaction. LiFePO4/FePO4 powder was then 
separated from the solution by repeated centrifuging and rinsing in ethanol. The collected 
LiFePO4/FePO4 powder was further dried at 120 °C in vacuum for 2 days. FePO4 powder 
was prepared in a similar way using an excess of NOBF4. 
5.2.4 Symmetrical and asymmetrical cell preparation 
Platinized electrodes were fabricated on identical pieces of FTO with small holes 
drilled 6 mm apart. After cleaning, a thin layer of Pt was deposited onto the FTO by 
thermal decomposition of hexachloroplatinic acid. The symmetrical cell was assembled by 
pressing (Meltonix 1170-25, Solaronix) two pieces of FTO glass together sealed with 20 
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µm thick Surlyn (Dupont). In the asymmetrical cells, there is a layer of circular Al2O3 film 
with 6 mm diameter and 7 µm thick on the working electrode side of FTO. The circular 
Al2O3 film was screen printed using the same method described in the previous section.  
5.2.5 Electrochemical Measurement 
The potential step amperometry and cyclic voltammetry (CV) are performed using a 
potentiostat equipped with a frequency response analyzer (Autolab PGSTAT 302N/FRA2, 
Ecochemie) and the Nova 1.9 software package. 
 
5.3 Results and Discussion  
5.3.1 Diffusion coefficients of redox species 
Equation 5-10 can be used to estimate the diffusion length of the redox species in 
the active material layer. One of the constants that needs to be determined experimentally is 
the diffusion coefficients of the redox species in the pores of active material and spacer, 
which requires determining the diffusion coefficients of redox species in the electrolyte. 
Diffusion coefficients of redox species in the electrolyte (0.1 M LiClO4/PC) were measured 
by CV in a three-electrode cell. The working electrode was a nominal 10 μm diameter Pt 
ultramicroelectrode (UME), the auxiliary electrode was a platinum wire, and the reference 
electrode was Ag/Ag+. The CV scans (Figure 5 – 2a) were performed using the same UME 
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with repeated rinsing in pure PC in between the tests to ensure no residual redox species 
was left on the surface of the UME. CV of Fc in ACN was obtained at the beginning and 
end of the tests to confirm that the change of the surface area of the UME is not significant 
(<10%) (Figure 5 – 2b). The condition of the CV scan in ACN is a replica of a previous 
study,[1] so the reported value of the diffusion coefficient of Fc can be used as a reference. 
The results are summarized in Table 5 - 1. The smaller diffusion coefficients of the 
charged species could be attributed to the ion-pairing interaction with the supporting 
electrolyte species.[1] The diffusion coefficient of FcBr2+ could be estimated using the value 
of FcBr2 and the ratio between Fc+ and Fc. 
Table 5 - 1. Diffusion coefficients of redox species. The diffusion coefficients are 
calculated by comparing the steady state currents (iss) with the literature value as 
reference. 
Species Electrolyte iss (A) D (cm2 s-1) 
1 mM Fc   ACN 0.2 M LiClO4 9.95E-09 2.40E-05[1] 
1 mM Fc  PC 0.1 M LiClO4  1.38E-09 3.33E-06 
1 mM Fcbr2  PC 0.1 M LiClO4  1.11E-09 2.68E-06 






Figure 5 - 2. a) CV of 1 mM Fc, FcBr2 and Fc+ in 0.1 M LiClO4/PC at 
scanning rate 0.01V s-1. b) CV of 1 mM Fc in 0.2 M LiClO4/ACN done at 







Diffusion coefficients of the redox molecules in the pores of the spacer layer are 
measured with the symmetrical and asymmetrical cells (Figure 5 - 3), an approach similar 
to that proposed by Papageorgiou et al.[26] CV measurements shows two plateau at two 
extremes, the characteristic feature of steady state be reached. Forward and reverse 
diffusion-limited currents in asymmetrical thin layer cells could be measured as a result.  
The concentration profile follows that of Figure 5 - 3 and we can estimate the ratio of 
 
Figure 5 - 3. Concentration profile of Fc+ diffusion in the a) symmetrical cell 







diffusion coefficients of Fc+ in the pores and in free electrolyte.  
The following continuity equations govern the forward and reverse diffusion-
limited currents under steady state: 
𝑑2𝑐pore(𝑥)
𝑑𝑥2
= 0         (5 - 18) 
𝑑2𝑐free(𝑥)
𝑑𝑥2
= 0    (5 - 19) 
The boundary conditions stipulate conservation of redox species in the thin layer 
cells 
∫ 𝜃𝑐pore(𝑥)𝑠10 𝑑𝑥+∫ 𝑐free(𝑥)𝑙1𝑠1 𝑑𝑥
𝑙
= 𝑐0 (5 - 20) 
no abrupt change of concentrations of redox species at the interface between the two 
regions 
     𝑐pore(𝑠1) = 𝑐free(𝑠1)  (5 - 21) 










 (5 - 22) 
 
and either (forward current if limited by reduced species, reverse current if limited by 
oxidized species) 
𝑐pore(0) = 0   (5 - 23) 




𝑐free(𝑙1) = 0   (5 - 24) 
where 𝑐pore(𝑥) and 𝑐free(𝑥) are the concentrations of the minority redox species in the 
porous layer and in fluid solution, respectively, 𝑐0 is the initially present concentration of 
minority redox species (i.e. when no current flows), 𝑠1 is the porous layer thickness, 𝑙1 is 
the electrode separation, 𝜃 is the porosity of the porous layer and 𝑄 is the redox species 
diffusion coefficient in the porous layer as a fraction of the diffusion coefficient in fluid 
solution. It can be shown that 𝑄 is related to the ratio of the reverse to the forward limiting 
current, 𝑅 =  𝑖𝑟/𝑖𝑓, by 
𝑄 = 2𝑠12�1−𝜃2(1+𝑅)−𝑙1𝑠1�(𝑙1−𝑠1)�𝑙1(1+𝑅)−𝑠1�1+𝑅(1−2𝜃)��     (5 - 25) 
The thin layer cells used for determining 𝑄 were filled with a solution containing 4 
mM Fc+, 40 mM Fc, and 0.1 M LiClO4 in acetonitrile. The thickness of the porous Al2O3 
layer was 7 µm and its porosity was determined to be 0.63. The Al2O3-coated electrode 
functions as the working electrode during slow voltammetric scans between +0.4 V and -
0.4V. Diffusion-limited current plateaus of unequal magnitude (Figure 5 - 4) were 
observed at the positive and negative voltage extremes as predicted. 
The value of 𝑄 is calculated to be 0.33. Therefore, the diffusion coefficient of Fc+ in 
the porous Al2O3 layer is 8.12 × 10-7 cm2 s-1. Assuming that 𝑄 is the same for Fc, FcBr2 and 
FcBr2+ (i.e. specific interactions between the redox species and the pore walls are 
negligible) resulting in diffusion coefficient values of 1.10 × 10-6 cm2 s-1, 8.84 × 10-7 cm2 s-
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1 and 6.00 × 10-7 cm2 s-1, respectively. Since the porosity of FePO4/LiFePO4 films was 
found to be almost identical to that of Al2O3 films (ca. 0.63), A further simplifying 
assumption is made, which states that 𝑄 is the same for the Al2O3 and FePO4/LiFePO4 
films. This assumption is reasonable for most possible types of particle packing because, 
for a given porosity, constrictivity and tortuosity are not expected to vary much with the 
particular type of particle packing.[27] 
 
 








5.3.2 Diffusion length and reaction rate of redox species in the active material layer 
The current density of potential step amperometry shows the current for both 
reactions stabilizes in less than 10 seconds (Figure 5 - 5a) and remains constant for more 
than 1000 seconds (Figure 5 - 5b).  The constant level of current is consistent with the 
assumption that the electrochemical process will reach a steady state. The initial hikes of 
the curves can be accounted for by the capacitive current. Only two curves are shown here 
for illustration and the rest follows a similar pattern. Any point on the flat part of the curve 
can be chosen as the limiting current  𝑗𝑙𝑖𝑚. In order to be consistent, the last point on the 
curves is used for calculation. 
From the limiting current we can estimate the diffusion length (Figure 5 - 6a) using 
Equation 5-10, and therefore, the reaction rate of the redox species in the active material 






Figure 5 - 5. Potential step amperometry of Fc and FcBr2+ in FePO4 and LiFePO4 










Figure 5 - 6. a) Diffusion length and b) reaction constants of the redox species in 
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The reaction constants (Figure 5 - 6b) are in the order of 1 – 6 s-1. The rate constant 
measured using the approach outlined above is the pseudo-homogeneous volumetric rate 
constant for the rate determining step in the disappearance of the redox mediator under our 
experimental conditions. There are a few possibilities of the rate determining step, which 
includes I) redox mediator or Li+ transport in solution (i.e. a solution phase diffusion-
limited rate constant), II) electron/hole or Li+ transfer across the particle|solution interface, 
III) electron/hole or Li+ transport within the nanoparticulate film and IV) phase 
transformation within the particles (e.g. transformation from LixFePO4 solid solution to 
LiFePO4 and FePO4 nanocrystals) limited by nucleation and/or phase boundary reactions. 
No definitive conclusions have been drawn yet. Further evidence from in-situ 
characterization techniques such as in-situ X-ray photoelectron spectroscopy or scanning 
electrochemical microscopy is needed. The electron/hole or Li+ transfer across the 
particle|solution interface is most likely to be the rate determining step. 
Compared to the pristine LiFePO4, the carbon coated samples (LiFePO4@C and 
FePO4@C) show consistently higher rate of reaction with both redox species. The carbon 
coated samples have a higher reaction rate in the presence of redox molecules presumably 
because the carbon coating makes the entire film electrically addressable, which is 
immediately accessible to the reaction with redox molecules. The carbon coating keeps all 
the particles at the same potential, so the redox molecules need only transfer electron to the 
particles closest to the spacer layer and reaction will happen with the smallest active 
materials particles. In LiFePO4 nano-particles with size smaller than 100 nm, phase 
transition follows the domino cascade model proposed by Delmas et al.[5] In this model, the 
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interface between LiFePO4 and FePO4 is energetically unfavourable and, therefore, will 
propagate across the entire particle quickly.[28] And the reactions always initiate with the 
smallest particles. Individual particles are charged or discharged one-by-one instead of all 
at the same time. [29] In this study, the amount of active material exists in large excess 
compared to the amount reacted in the experiment. Therefore, the carbon coated samples 
can maintain a high rate of reaction until all the smaller particles in the whole layer have 
reacted. The diffusion length of the redox species in samples that are partially oxidized 
(LiFePO4/FePO4) is expected to be longer than that in the pristine samples. However, the 
difference in the data is not statistically significant enough to warrant this conclusion. 
The high reaction kinetics between the redox molecules and active materials is a 
promising sign that the RFLB has great potential in improving the cycling rates compared 
to convention lithium-ion battery. In conventional lithium-ion battery with large particles of 
LiFePO4, the limiting factor of the cycling rate would be the effective Li+ diffusion 
coefficient. When the size of the particles reduces, Li+ diffusion in the electrolyte becomes 
the limiting factor of cycling rate.[30] At the agglomerate scale, particles closest to the 
electrolyte, meaning those at the electrode surface and near the pathway of higher porosity 
react first. Isolated agglomerates less accessible to the electrolyte remain unreacted. In the 
RFLB, ionic transport in the electrolyte and electron transport by redox species could be 
ramped up by increasing the circulation speed, effectively raising the cycling rate. 
At high cycling rate (>10 C) and large driving force, a large fraction of the LiFePO4 
particle becomes a solid solution and the material undergoes a rapid single phase 
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transformation.[6] In this case, nucleation rates do not limit the transformation rate.[8] The 
limiting factor during charging and discharging is also the access to electrons and lithium 
ions of individual particles. Therefore, if redox molecules with a high concentration and 
large driving force are chosen, it is possible to achieve high rate charging and discharging 
of LiFePO4 in RFLB. The cost that comes with higher driving force is lower voltage 
efficiency, which would compromise the energy density of the system. 
For a rough estimation, the maximum current per unit volume for the films used in 
this work is  
|𝑗V| = 𝑞𝑘[M]∗   (5 - 26) 
where 𝑞 is the elementary charge, 𝑘obs is the observed rate constant and [M]∗ is the initially 
present redox mediator concentration. Assuming a moderate concentration of 0.1 M of 
redox species and a rate constant of 1 s-1, further assuming the active material has 50% 
porosity, 𝑗V  = 9.6 A cm-3 is obtained. The volumetric capacity for our LiFePO4 films, 
assuming a porosity of ~0.5, is 306 mAh cm-3, thus the previously obtained 𝑗V  value 
corresponds to a maximum “C-rate” of 31C. This large current, of course, could not be 
sustained in a practical device at all because it will require an unrealistic powerful pump to 
circulate the fluid fast enough, an unrealistic large electrode to regenerate the redox species 
quick enough and a Li+ conductor with high enough conductivity or large enough area. But 
it is obvious that the electron transfer step would not be the rate limiting step in the 
operation of RFLB. 
117 
 
 5.4 Summary 
The process of electron transfer between the redox molecules and the active 
materials has reaction constants at 1 – 6 s-1. The corresponding estimated  maximum “C-
rate” would be 31C. Therefore, this process would not be the rate limiting step in the RFLB 
system with LiFePO4 as active material and Fc/FcBr2 as redox species. A protocol of non-
destructive tests in assessing the reaction rate between different molecules and the active 
materials is established. This protocol will make the selection process of redox molecule 
with a particular active material much easier. 
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Chapter 6. Conclusion and recommendations for future 
work 
6.1 Conclusion 
The main objective of increasing the energy density of RFB has been fulfilled in 
this work. An RFLB prototype was demonstrated to have surpassed the energy density of 
RFB by more than 10 times, calculated based on active materials with 50% porosity. To put 
the energy density of the RFLB system in perspective, a summary of energy density of the 
redox system is given in Figure 6 – 1. LiFePO4 in the cathodic reservoir was successfully 




 In Chapter 3, a proof-of-concept solvent-free half-cell was built. Charge/discharge 
could be carried out with organic TPA derivatives in the cathodic reservoir but performance 
was far from satisfactory. The solvent-free electrolyte has a high viscosity which hinders 
the diffusion of charged species, leading to high over-potential loss. Improvement on the 
stability of the redox species is also necessary for better coulombic efficiency and energy 
efficiency of the system.  
 
Figure 6 - 1. Volumetric energy density vs. specific energy for different flow battery 
systems. Experimental results are represented by solid colours. Lead-acid battery 
(black), lithium-ion battery (green) and gasoline (red) serve as the reference points.  
Theoretical limits of four systems (Li-S in tan, Li-O in light blue, and RFLB in 
maroon) are indicated by the grid area. In RFLB, the theoretical values are calculated 






In Chapter 4, a proof-of-concept RFLB half-cell was proposed and a stack half-cell 
was built. LiFePO4 as the active material was successfully charged and discharged by 
ferrocene derivatives and the amount of LiFePO4 reacted exceeded 70%. In particular, no 
conductive additives were present in the electrolyte and electron transfer between the active 
materials and electrodes rely on the redox molecules. The energy density of the system can 
reach 10 times as high as commercial RFB. The system was later applied to LiI as a 
substitute for ferrocene derivatives as redox shuttle molecule. In this cell, LiFePO4 was 
charged and discharged with a single molecule. In the exploration for active materials with 
higher energy density than LiFePO4, LiCoO2 was investigated and it was charged and 
discharged by two bipyridyl complexes. Even though the efficiency is rather low, it pushes 
the upper limit of the RFLB cell voltage to a higher level. 
In Chapter 5, the reaction kinetics of the chemical lithiation/delithiation LiFePO4 by 
the ferrocene derivatives was investigated. The chemical reaction between the ferrocene 
derivatives and LiFePO4 is unlikely to be the rate limiting step in the system. The protocol 
established use non-destructive electrochemical characterization techniques. It will 
facilitate the process of matching redox molecules and active materials for RFLB in the 
future. 
The major contribution of this work is the demonstration of a novel way of 
integration of the system design of RFB and active materials of lithium-ion battery. Energy 
density has been improved greatly without compromising the safety thanks to the safety 
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features of flow battery design. The RFLB device will have a competitive edge in the 
energy storage market. 
 
6.2 Recommendations for future research 
The performance of the solvent-free flow battery was unsatisfactory but there is 
much room for improvement. The ideal organic molecule for the solvent-free flow battery 
should have high density, low molar mass, robust redox chemistry, fast redox kinetics, high 
solubility for lithium salts and low viscosity. Organic redox molecules other than TPA 
derivatives should be investigated for this purpose. Furthermore, organic redox molecules 
with lower potential are needed for the anodic half-cell of the solvent-free flow battery.  
For the cathodic half-cell of RFLB, active materials with higher potential and flat 
plateau could be explored, such as LiMnPO4 (4.0 V vs. Li)[1] and LiVPO4F (4.25 V vs. 
Li).[2] The potential challenges will be finding redox molecules with matching potentials 
and electrolytes with sufficiently wide electrochemical window. 
To further increase the energy density of RFLB, future studies need to tap into Li-S 
and Li-O, as illustrated in Figure 6 – 1. The activation potential of insulating Li2S particles 
could be brought down to 2.50 V from 4.00 V with the help of redox molecules (50 mM 
decamethylferrocene additive).[3] A similar strategy is applied to Li-O battery,[4-5] where 
electrochemically oxidizing the discharge product usually leads to high polarization. Li2O2 
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could be oxidized at high current densities (up to 1 mA cm-2) with a moderate over-
potential when redox molecules were applied.[4-5] A common problem for both Li-S and Li-
O batteries is the buildup of insulating discharge products on the electrode surface. The 
insulating product layer hinders the access of reactants [6-8] and sometimes passivates the 
surface. This problem could readily solved by redox flow lithium-ion battery, in which 
insulating materials not in direct contact with the electrodes could be accessed by redox 
molecules. The RFLB provides fertile ground for advancing Li-O and Li-S batteries.  
For active materials which do not have a flat charge/discharge plateau, it would be 
difficult to charge and discharge them with one pair of redox molecules with high 
efficiency. This is because the driving force for reaction will diminish quickly, as witnessed 
the reaction between LiCoO2 and the bipyridyl complexes. In principle, this problem can be 
solved by using a series of redox molecules with small steps of redox potentials spread 
across the charge/discharge range of the active materials. However, it would be demanding 
to select such an array of molecules because they must not react with each other 
irreversibly during cycling.  
A small modification can be made in RFLB to drastically improve its current 
density. Using a membrane-less half-cell with a high concentration of redox molecule, the 
high over-potential loss in the LIC-GC membrane can be avoided. The reduction of redox 
molecule on the lithium anode could be suppressed the in-situ formation of SEI layer on the 
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